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The trace element and isotopic compositions of scheelite CaWO4 from a variety of deposits in New 
Zealand were measured using LA-ICPMS and LASS-ICPMS. As part of this, a new method for determining in-situ 
Sm-Nd isotopic compositions of scheelite using a beam diameter of 193 μm was developed and used to broadly 
date the timing of scheelite mineralisation at Barrytown and gain insights into fluid-rock interaction at Batemans 
Creek and Canaan Downs. This method used Tory Hill Titanite as a primary calibration standard and was able to 
replicate the Sm-Nd isotope compositions of Tory Hill Apatite and two well characterised scheelite crystals 
(OU15013 and OU13940) showing that matrix matching was not an important source of variation in the results. 
The scheelite crystals were used as secondary, in-house standards as reconnaissance work found small portions 
of some fragments with significant isotopic variations. Metamorphic scheelite from W + Au deposits within the 
Otago Schist did not contain enough Sm or Nd for in-situ isotope analyses via LA-ICPMS.  
At Barrytown the trace element, REE and Sm-Nd isotopic compositions of scheelite were determined 
using LASS-ICPM. Variations in trace element and REE compositions corresponded to primary growth textures 
revealed by CL imaging. With an analytical resolution of 193 μm, individual grains showed chondrite normalised 
REE compositions that mostly ranged from n- to u-shaped and corresponded to variations in Sm-Nd isotope 
compositions. The Sm-Nd isotope compositions plotted as linear arrays on isochron diagrams and provided robust 
regression ages that overlap with the emplacement of the Barrytown Granite pluton. Due to geological and 
analytical limitations, multiple grains across an outcrop were required to construct statistically reasonable 
isochrons; however, multiple analyses within a single grain of scheelite from the Archean Young Davidson Gold 
mine gave an isochron age that is consistent with the known age constrains of scheelite mineralisation in the 
deposit.  
At Canaan Downs and Batemans Creek scheelite trace element, REE and Sr, Sm, Nd isotopic 
compositions were determined by LA-ICPMS. The variable initial isotopic compositions from the deposit to the 
grain scales in these two deposits meant that dating the timing of scheelite mineralisation via the Sm-Nd isochron 
method was not possible. Instead, insights into the sources of components in the mineralising fluids were 
established. At Canaan Downs, the compositions are generally considered to represent variable fluid compositions 
due to interaction of magmatic-derived hydrothermal fluids with blocks of marble that are mapped within the 
contacts of the granite. At Batemans Creek, the elemental and isotopic compositions of scheelite varied according 
to the host rock compositions and the textural context (disseminated versus vein) of the scheelite grains. These 
variations were considered to arise due to variable contribution of components from compositionally distinct wall 
rocks or preferential breakdown of minerals by the hydrothermal fluids. 
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For orogenic scheelite, trace element, REE and Sr isotope compositions were determined by LA-ICPMS 
and found to be distinctive between Type 1 and Type 2 mineralisation styles in the Otago Schist. Scheelite within 
Type 1 mineralisation has heterogenous REE compositions and variable Sr isotope compositions, from the deposit 
to the grain scale. These highly variable compositions are proposed to reflect localised sourcing of components by 
the mineralising fluids, resulting in a greater sensitivity of scheelite compositions to fine-scale variations in host 
rock compositions. On the other hand, Type 2 deposits all have a set of n- to u-shaped REE patterns and more 
homogenous Sr isotope compositions at the deposit scale, which are proposed to reflect the regional source of the 
fluids, the larger size of mineralised structures, more extensive wall-rock interaction and greater availability of 
transporting ligands that promotes mixing and homogenisation of fluid inputs.  
Finally, fluid inclusions in vein-quartz from Boanerges Peak and magmatic scheelite from Canaan Downs, 
Barrytown and Batemans Creek were investigated. Inclusions from Boanerges Peak had very similar properties to 
vein-quartz inclusions from Lake Hawea and reflect similar styles of mineralisation at these two localities. The 
similarities were used to loosely infer the conditions of mineralisation at 350 – 400 oC and 4.1 – 6.0 kbar. Inclusions 
in scheelite from the magmatic deposits had salinities between 3.5 to 5.6 wt% NaCl equivalent and Batemans 
Creek had around 10 mol% CO2 in inclusions from Dunphy Granite-hosted and Greenland Group-hosted veins.  
These inclusion compositions are broadly consistent with fluid compositions of magmatic W-Sn deposits from 
around the world. Homogenisation and decrepitation temperatures were generally between 200 and 300 oC and 
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1.1 Aim and research outputs 
Scheelite is an important mineral source of tungsten (W) and often occurs in 
association with gold, tin and molybdenum deposits around the world. It is a mineral that, in 
addition to the major W constituent, has the capability of housing a variety of other elements, 
which makes it useful for understanding petrogenesis of ore deposits. This research focuses 
on characterising the elemental and isotopic compositions of scheelite from a variety of 
deposits around New Zealand. This will be mainly achieved with the use of Laser Ablation 
Inductively Coupled Mass Spectroscopy (LA-ICPMS), which allows determination of trace 
element and isotopic compositional variations in scheelite grains at sub-millimetre scales and 
therefore to potentially date mineralisation and infer the sources of mineralising components 
and pathways of mineralising fluids within the deposits. These research outcomes may be 
useful in the search for new scheelite deposits or to improve our understanding and further 
develop known deposits in New Zealand and around the world. 
 
1.2 Tungsten’s importance today: 
Tungsten is an important resource around the world due to its impressive set of 
physical properties that have seen its use in a wide variety of applications. The properties of 
the pure metal include: 
• Mohs scale hardness of 7.5 
• Highest melting point of all unalloyed metals at 3422 oC, and second highest melting 
point of all the elements behind carbon 
• Lowest coefficient of expansion 
• Highest tensile strength above 1650 oC 
• High electrical and thermal conductivity 
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• High corrosion resistance against water, air and most acids, although exposed 
surfaces will oxidize slightly.  
• Density of 19.3 kg/m3, which is very similar to gold 
• Thought of as low toxicity and a replacement for lead where necessary, although 
recent studies dispute this (Strigul et al., 2010; Witten et al., 2012).  
As a result of its properties, tungsten is used in industrial applications where hard 
wearing and heavy-duty materials are required. Tungsten carbide (WC) has a Mohs harness 
of 9 and is used to make high performance cutting and drilling tools important to the mining, 
metal working and petroleum industries. The high melting point of tungsten and its alloys 
makes them ideal for high temperature applications such as arc welding tips and heating 
elements in high temperature furnaces. Tungsten was used as filaments in incandescent light 
bulbs, but these are now being replaced with more efficient LEDs and fluorescent lamps. 
However, calcium and magnesium tungstate may be used as the fluorescent coating within 
fluorescent lightbulbs and their electrodes may be made of tungsten coils. Tungsten is also a 
common addition to superalloys, which are crucial materials for production of marine and 
aerospace turbine engines.  
The European Commission’s report on Critical Raw Materials in 2017 included 
tungsten as one of the 27 critical raw materials to the European Union. This report shows that 
86 percent of the world’s tungsten production has come from China in 2011, Russia follows 
behind at 4 percent. The USA, Canada and Bolivia are also important producers of tungsten 
on a global scale, but the market is clearly dominated by China. Therefore, there is significant 
interest in finding new tungsten resources outside of China. This can be done by developing 
our understanding of how and where scheelite deposits form to help guide future exploration. 
Additionally, scheelite mineralisation is often spatially or temporally associated with economic 
Sn, Mo and Au deposits. Such deposits sometimes do not contain suitable minerals for dating 
mineralisation events using conventional techniques (e.g., U-Pb in zircon) so it is helpful to 
develop new methods to do this with scheelite.  
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1.3 Global distribution of tungsten deposits 
Most tungsten deposits occur within elongate belts that can be thousands of kilometres 
long and are typically located along current or former continental margins (Fig. 1-1). These 
deposits form in a variety of tectonic settings including subduction zones, post-orogenic rifting 
zones and continental collision zones (Romer and Kroner, 2016). The main ore minerals of 
tungsten are scheelite (CaWO4) and Wolframite ([Fe,Mn]WO4) and the majority of economic 
deposits formed within the Phanerozoic eon (Kwak, 2012), but some deposits formed as late 
as the Neo-Archean era (Chiaradia, 2003; Darbyshire et al., 1996). The temporal and spatial 
distribution of Phanerozoic deposits has been hypothesized to represent enrichment of 
tungsten in sediments due to weathering along passive continental margins followed by 
economic mineralisation of tungsten from partial melting of these enriched source rocks within 
active continental margins (Chiaradia, 2003; Romer and Kroner, 2016). 
 
Figure 1-1: Global distribution of tungsten deposits adapted from Romer and Kroner (2016) and Kwak (2012). 
Tungsten deposits tend to be located within Phanerozoic fold belts, some deposits are located within Precambrian shields and 




The former continental margin belts contain a variety of tungsten deposit types that 
include vein/stockwork, skarn, greisen, porphyry, stratabound, disseminated, pegmatite, 
breccia, sinter, and placer deposits. Of these, the vein/stockwork deposits were the most 
economically important, having been responsible for 50 percent of the world’s production in 
1986 followed by skarn deposits at 30 percent, porphyry deposits at 6 percent and stratabound 
deposits at less than 5 percent (Werner et al., 2014). The type of deposit that forms is 
dependent on the depth of mineralisation, chemistry of the mineralising fluids, composition of 
the host rocks and structural setting of the deposit (Romer and Kroner, 2016). For magmatic 
related deposits, the distinction between vein/stockwork, skarn, greisen and porphyry deposits 
is often blurred as they share many characteristics and can represent different zones within a 
single mineralising system (Kwak, 2012). Most of these have formed above or within the upper 
region of felsic plutons from hydrothermal fluids that are typically thought to be derived from 
crystallisation of the intrusive rocks (Kwak, 2012); however, a small proportion of tungsten 
deposits have no direct relationship to intrusions and appear to have formed during regional 
metamorphic or metasomatic events (e.g. Cave et al., 2017; Larsen, 1991; Plimer, 1994).  
1.3.1 Vein/stockwork 
Vein/stockwork deposits are one of the important sources of tungsten worldwide and 
prior to the discovery of the super massive W skarns in the northern Jiangxi Province of China 
they were the primary style of economic tungsten mineralization in China. Economic tungsten-
bearing vein and stockwork deposits typically consist of quartz-wolframite veins or sheeted-
vein stockworks hosted within siliceous or argillaceous rocks. Wolframite ([Fe,Mn]WO4) is the 
dominant W ore mineral in these deposits; however, there are rare occurrences where only 
scheelite is present such as at Yangjiashan tungsten deposit in South China (Xie et al., 2019). 
Other minerals commonly present within the tungsten mineralized quartz veins are sulphides 
and oxides of Mo, Sn, Cu, Fe and Bi along with tourmaline, muscovite (especially as selvages 
along vein margins), K-feldspar, apatite or fluorapatite, and fluorite. In in wolframite-dominated 
deposits, mineralisation is temporally and spatially associated to highly evolved granitoid 
15 
 
intrusions such as biotite and biotite-muscovite granites, whereas scheelite-dominated 
deposits are associated with evolved monzonites or granodiorites (Christie and Brathwaite, 
1996). The size of these deposits are generally less than 1 million tonnes WO3 but rare, large 
deposits can contain up to hundreds of millions of metric tonnes of ore (Werner et al., 2014). 
Most vein/stockwork deposits are dated to the Mesozoic era but many also formed during the 
Paleozoic and Cenozoic eras. This is also the most commonly occurring deposit type within 
Precambrian rocks, but this may reflect processes of preservation and exposure rather than 
temporal controls on ore-forming processes. 
1.3.2 Skarns 
Skarns are commonly defined as rocks that have formed from alteration or 
replacement of calcite or dolomite in carbonate protoliths and that typically result in the 
formation of Ca-Mg-Fe-Al silicate assemblages (Einaudi and Burt, 1982). However, there are 
a wide range of characteristics that may be used to classify skarns (Kwak, 2012), which reflect 
the complexity and variability of these deposits. Tungsten mineralisation in skarn deposits is 
often accompanied by enrichments in Sn or Mo, although tin enrichment is often relatively low 
or absent if the deposits are related to magnetite-bearing granitoids (Kwak, 2012). Scheelite 
is the main mineral ore of tungsten in skarn deposits whereas wolframite is rarely present and, 
if so, in small amounts.  
1.3.3 Greisen 
Greisen alteration is characterised by relatively high temperature hydrothermal, post-
magmatic alteration of rocks involving the introduction or concentration of volatile components 
such as F, B and Li and is typically associated with Sn, W, Mo, Be, Bi, Li and F mineralisation 
(Pirajno, 1992). however, a very small proportion of greisen altered rocks have economic 
quantities of ore.  These deposits form in or immediately around the apical regions of felsic 
intrusions (Pirajno, 1992). Greisen alteration often results in the alteration of feldspars and 
micas to quartz-muscovite assemblages and the precipitation of F, B and Li minerals such as 
fluorite, topaz, fluorapatite, tourmaline and Li-mica. When the alteration occurs within an 
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intrusive body it may be termed an endogreisen and when it occurs within the surrounding 
country-rock it may be termed an exogreisen. The alteration and associated mineralisation 
may be pervasive throughout the rocks or structurally controlled by pre-existing joints 
(Štemprok, 1987).  
1.3.4 Porphyry 
Porphyry deposits are relatively large volume, low grade deposits compared to 
vein/stockwork, skarn or greisen deposits. They are typically structurally controlled and 
associated felsic to intermediate porphyritic intrusions (Sinclair and Goodfellow, 2007). They 
are the world’s biggest sources of Cu and Mo and are important sources of Au, Ag and Sn. In 
these deposits tungsten is normally recovered as a by-product in Sn and Mo porphyrys 
(Sinclair and Goodfellow, 2007). The composition of the intrusive rocks is an important control 
on the metals present. Tungsten-bearing porphyry deposits are typically associated with highly 
differentiated, high silica, oxidised, magnetite series granitic plutons (Sinclair and Goodfellow, 
2007).  
1.3.5 Placer 
Due to the high density of scheelite, it may accumulate in placer deposits along with 
other dense minerals such as cassiterite, monazite, xenotime, gold, pyrite, ilmenite and rutile. 
However, scheelite is a brittle mineral so the grainsize is rapidly reduced during transport in 
river systems, which means that economic grades of scheelite in placer deposits tend to be 
very close to the source (e.g. less than 1km, Fernandez-Turiel et al., 1992; Mikulski and 
Wierchowiec, 2013). 
 
1.4 Global geochemistry of scheelite 
The main mineral ores of tungsten are scheelite and wolframite, with native tungsten 
never having been found. Scheelite is a calcium tungstate (CaWO4) with tetragonal-
dipyramidal crystal structure whereas wolframite is an iron-manganese tungstate ([Fe, 
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Mn]WO4) with a monoclinic crystal structure. There is an extremely limited solid solution 
between these two minerals and therefore a deposit is typically dominated by one or other of 
these two types. In deposits where scheelite and wolframite are found together, the lesser 
type is often located within a different compositional zone of the deposit or found replacing the 
dominant type during a different stage of mineralisation (Kwak, 2012). Scheelite and 
wolframite generally form in deposits between 200 and 500 oC at pressures between 200 and 
1500 bars from acidic fluids with salinities up to 55 wt% and CO2 up to 10 mol% (Wood and 
Samson, 2000). The primary factors that control scheelite or wolframite deposition from a W-
bearing hydrothermal fluid are temperature, salinity, pH and availability of Ca, Fe or Mn. 
Tungsten is transported in hydrothermal solutions as H2WO4, HWO4-, WO42-, NaHWO4 and 
NaWO4- species (Wood and Samson, 2000) so the formation of wolframite or scheelite may 
occur via the following reaction: 
A2WO4 + B2+ = BWO4 + 2A+ 
Where A consists of Na or H and B consist of Ca, Fe or Mn.   
From this reaction it is clear that salinity and acidity should impact the solubility of 
tungsten in hydrothermal fluids and this was demonstrated experimentally by Wood (1990), 
who found that the amount of tungsten in a fluid in equilibrium with wolframite and scheelite is 
positively correlated with temperature, salinity and acidity but weakly controlled by pressure. 
However, even when the physiochemical conditions are met, the deposition of scheelite or 
wolframite is often determined by the availability of Ca, Fe and Mn (Lecumberri-Sanchez et 
al., 2017), which are typically derived from the wall rocks during hydrothermal alteration of Ca, 
Fe- or Mn-bearing minerals. This may be a strong reason why scheelite is the main ore mineral 
in skarn deposits, but wolframite is more common in vein-stockwork deposits hosted in 
relatively Ca-poor rocks. Other ore minerals commonly associated with scheelite and 
wolframite are molybdenite, cassiterite, pyrite, pyrrhotite, bismithunite and gold. 
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1.4.1 Major element compositions 
Scheelite has the formula CaWO4 and forms a theoretical complete solid solution with 
the Mo endmember powellite (CaMoO4) where Mo6+ ions substitutes with W6+. However, in 
natural specimens the composition is typically less than 20 mole-percent CaMoO4. This is 
because under typical crustal conditions (temperature, pressure, pH and oxidation state), the 
stability field of molybdenite (MoS2) has considerable overlap with that of scheelite and so 
most Mo in a hydrothermal fluid will partition into molybdenite unless the sulphur activity is 
exceptionally low or the fluid is significantly oxidized (Hsu and Galli, 1973). Additionally, Mo is 
redox sensitive and only the most oxidized Mo6+ species may directly substitute with W6+ in 
the scheelite lattice; therefore, relatively oxidizing conditions are required Mo to be 
incorporated into scheelite. The amount of Mo in scheelite can be qualitatively assessed in 
the field using a short-wave ultraviolet (UV) lamp. Pure scheelite will fluoresce a blue colour, 
which grades through white to yellow with increasing Mo content (Fig. 1-2) (Greenwood, 
1943). The yellow colour appears in scheelite with Mo contents at 4 mol% and intensifies to a 
maximum at 20 mol% Mo (Shoji and Sasaki, 1978). Using colour comparison charts, the Mo 
content of scheelite with concentrations between 0.05 and 4.8 mol% Mo can be accurately 
determined in natural samples to within 0.1 mol% (Cannon and Murata, 1944) and this has 
proved to be a valuable tool in industry as scheelite with very small amounts of Mo (>0.4 mol%) 
is considered less valuable (Cannon and Murata, 1944). 
The wolframite minerals ferberite (FeWO4) and hübnerite (MnWO4) have similar 
chemical formulas to scheelite but their crystal structures are monoclinic and so a solid 
solution between scheelite and wolframite is unlikely. Despite this, Grubb (1967) found that 
up to 2 wt percent Ca may substitute into the wolframite structure with increasing temperature 
producing measurable distortions in the crystal lattice as shown by XRD. On the other hand, 
iron and manganese are common trace elements present within scheelite, with measured 




Figure 1-2: Hand specimens of scheelite in quartz from Canaan Downs, New Zealand (A + B OU15016) and 
Powellite from Randsburg, California (C + D OU15780). Samples are exposed to incandescent light in A and C and show that 
both minerals have a pale brown colour but when exposed to shortwave UV light, scheelite has a blue fluorescence (B) and 
powellite has a yellow fluorescence (D).  
 
 
1.4.2 Absolute trace element compositions 
Scheelite may incorporate a variety of trace elements into the eight coordinated Ca2+ 
and four coordinated W6+ site sites in its crystal lattice (Table 1-1). Mono- to tri-valent cations 
with a similar ionic radius to Ca2+ in eightfold coordination may substitute into the Ca site and 
commonly include Na+, Sr2+, Pb2+ and REE3+. Smaller and higher charged penta- and hexa-
valent cations with a similar ionic radius to W6+ in fourfold coordination may substitute into the 
W site and typically include Nb5+, As5+ and Mo6+. These substitutions may be isovalent such 
as Sr2+ with Ca2+ or Mo6+ with W6+ but in cases where the substitution requires charge balance 
such as Ca2+ with REE3+, a coupled substitution is required. For the REEs the following three 
mechanisms have been suggested (Ghaderi et al., 1999): 
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1. 2Ca2+ = REE3+ + Na+ 
2. Ca2+ + W6+ = REE3+ + Nb5+ 
3. 3Ca2+ = 2REE3+ + Ca 
Where Ca = a site vacancy. 
Some substitutions are redox sensitive. For example, as discussed previously, Mo may 
exist in oxidation states between -2 and +6 with the most common states in minerals being +4 
or +6. However, only the +6 state can substitute isovalently into the W6+ site and this requires 
relatively oxidizing conditions. Arsenic is also highly redox sensitive but its highest oxidation 
state is +5 so it requires a coupled substitution, similar to reaction 2, under relatively oxidizing 
conditions. If conditions are reducing, elements like Fe and Eu may be enriched as these 
commonly exist in the 2+ and 3+ oxidation states but only the reduced 2+ state can isovalently 
substitute into the Ca2+ site. In the case of Eu, both the 2+ and 3+ species may substitute into 
the Ca2+ site; however, Eu2+ is preferred due to charge balance constraints despite Eu3+ having 
a more favourable ionic radius (Blundy and Wood, 1994; Poulin et al., 2018). Therefore, 
observation of the concentrations of these redox sensitive elements in a grain of scheelite may 
provide a qualitative indication of the redox conditions during mineralization. In fact, it has 
been demonstrated that scheelite trace element chemistry can effectively discriminate 
between magmatic and metamorphic styles of mineralization when the composition is plotted 
on a EuA (europium anomaly) vs Sr/Mo diagram (Poulin et al., 2018). Magmatic scheelite tend 
to have more oxidized compositions and low amounts of Sr (small EuA and low Sr/Mo ratios), 
whereas the opposite is true for metamorphic scheelite. 
1.4.2.1 Intra-grain variations 
Fine scale trace element variation is a common feature of scheelite. Poulin et al. (2016) 
used cathodoluminescence (CL) imaging to map growth zones within a variety of scheelite 
grains from different deposits around the world. They compared this with trace element maps 
produced by Laser Ablation Inductively Coupled Mass Spectroscopy (LA-ICP-MS) and found 
that variations in abundances of Mo, As, La, Gd and Sr could be linked to broad scale features 
21 
 
(100 – 500 μm) observed in the CL images. These features include primary oscillatory zoning, 
post-primary recrystallisation/overprinting, and late stage crosscutting veinlets. This 
emphasises the importance of assessing scheelite compositions at sub-millimetre scales and 
indicates that scheelite trace element compositions are sensitive to the dynamic environment 
in hydrothermal systems. 
 
1.4.3 REE compositions and fractionation 
The rare earth elements consist of 15 elements within the lanthanide series from 
lanthanum (La) to lutetium (Lu) as well as scandium (Sc) and yttrium (Y). These elements are 
not particularly rare but are named so as they are found within the Earth’s crust in very low 
concentrations that are typically measured in parts per million (ppm). The lanthanides are 
Table 1-1: Trace element compositions of two selected LA-ICPMS analyses for a magmatic scheelite 
grain from Canaan Downs, New Zealand (CAN2Aa-20) and a metamorphic scheelite grain from Macraes Mine, 
Otago, New Zealand (T4-1-7). 2SE = 2 x standard error, LOD = limit of detection. 
 Magmatic Metamorphic 
 CAN2Aa - 20 T4-1 - 7 
Element Concentration (ppm) 2SE LOD Concentration (ppm) 2SE LOD 
Li 3.6 2.3 2.1 0.187 0.025 0.016 
Na 304 30 75 56.2 3.5 0.31 
Mg 37.2 8.9 15 2.49 0.25 0.027 
Mn 5.87 0.58 1.2 2.49 0.11 0.19 
Fe 27.7 9.3 17 13 2.6 0.46 
As 23 1.5 0.66 2.4 1.1 0.12 
Rb 0.16 0.13 0.22 0.048 0.012 0.005 
Sr 729 12 0.12 6523 86 0.0067 
Y 629 14 0.023 403 23 0.0026 
Nb 26.9 0.4 0.015 0.797 0.028  
Mo 62.7 1.7 0.098 0.03 0.01  
Pb (206) 17.9 2.5 0.049 4.21 0.17 0.0037 
La 35.1 2.4 0.0069 23.6 1.2  
Ce 265 15 0.0076 120.8 7.4  
Pr 66.9 3.3 0.0072 23.8 1.3  
Nd 423 15 0.021 143.1 7.3 0.0039 
Sm 164.8 5.4 0.09 59.9 2.6  
Eu 84.8 2.7 0.02 29 1.4  
Gd 193.5 4.3 0.085 89.5 3.1  
Tb 32.34 0.87 0.0042 16.09 0.66  
Dy 176 3.5  100.7 4.2  
Ho 29.15 0.72  18.32 0.83  
Er 60.4 1.1 0.0096 41.4 2.1  
Tm 5.55 0.18 0.0032 4.47 0.25  
Yb 20.63 0.94 0.048 19.5 1.2  
Lu 1.548 0.075 0.0041 1.58 0.084  
∑REE 1558.718   691.76   
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classified as incompatible elements due to having high ionic charges, which means they are 
not easily incorporated into the crystal structures of common rock-forming minerals. This 
means they preferentially partition into partial melts, evolved magmas and some hydrothermal 
fluids.  They are most stable in the 3+ oxidation state although, in nature, some lanthanides 
can relatively easily form with the 2+ (Eu), and 4+ (Ce) oxidation sates under respectively 
reducing or oxidising conditions. The ionic radii decrease consistently from La to Lu such that 
the light REEs (LREE) are more incompatible and fractionate from the heavy REEs (HREE) 
during progressive fluid evolution or partial melting resulting in light REE enriched patterns in 
more evolved fluids. These patterns are often seen in bulk compositions but sometimes don’t 
apply to specific minerals that have crystallised out of those bulk fluids/melts. 
Concentrations of REE in scheelite can range from tens to thousands of parts-per-
million (ppm) and REE compositions often show considerable variation within single grains 
(Brugger et al., 2000a; Brugger et al., 2000b; Dostal et al., 2009; Fu et al., 2017; Ghaderi et 
al., 1999; Song et al., 2014; Uspensky et al., 1998). The most common chondrite normalised 
REE pattern found in scheelite from deposits around the world are n- to u-shaped, such that 
they are enriched in Nd, Sm, Gd, Tb and Dy relative to La, Ce, Yb and Lu (Brugger et al., 
2000b; Sciuba et al., 2019). This is because scheelite has a crystallographic preference for 
medium REE (Nassau and Loiacono, 1963). Assuming that the starting fluid has a flat 
chondrite normalised REE pattern, Brugger et al. (2000b) suggests that the n- to u-shaped 
patterns arise during closed-system fractional crystallisation of scheelite such that the initial 
scheelite takes on a n-shaped pattern and progressive removal of medium REE from the fluid 
during subsequent scheelite precipitation results in flat and eventually u-shaped REE patterns. 
However, scheelite may take on other chondrite-normalised patterns such as light REE 
enriched or heavy REE enriched, which show that scheelite-fluid REE fractionation is not 
always the dominant control on REE compositions of scheelite. Other controls that have been 
considered include partitioning between scheelite and coprecipitating minerals like apatite, 
calcite or tourmaline (Hazarika et al., 2016; Raimbault et al., 1993), or direct inheritance of the 
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compositions from the host rocks or source minerals (Sciuba et al., 2019). The assumption 
that the starting fluid composition is flat should also be considered as the sources of REE in 
hydrothermal systems are typically not flat and investigations into hydrothermal behaviour of 
REE have shown that REE may be fractionated by the hydrothermal fluids according to ligand 
speciation and during transport (Migdisov et al., 2019; Migdisov et al., 2016). 
1.4.4 Scheelite isotope systematics 
1.4.4.1 Sm-Nd Isochron dating 
Samarium consists of several isotopes that can be detected within natural samples 
today. These include: 144Sm, 147Sm, 148Sm, 149Sm, 150Sm, 152Sm and 154Sm. Only 147Sm 
radioactively decays to 143Nd with a half-life of 106 billion years which produces small but 
measurable differences in rocks and minerals within the solar system (White, 2015). This 
decay has been exploited to date the timing of geological events on earth using the isochron 
method. The Sm-Nd composition of a rock or mineral can be described by equation 1:  
Equation 1: 143Nd(measured) = 143Nd(initial) + 147Sm(e(λt) - 1) 
This shows that the amount of 143Nd in a sample is the sum of the initial amount of 
143Nd and the amount of 143Nd that formed from radioactive decay of 147Sm over time (t) since 
the system was closed. Closure of a radiogenic isotope system is defined as the time the 
parent and daughter isotopes were unable to diffuse throughout a mineral or rock at scales 
greater than the volume of sample and is strongly dependant on the temperature of the 
environment. Conditions are more favourable for diffusion at higher temperatures. A closure 
event may take place when the sample cools below the closure temperature of a rock or 
mineral or when a mineral grows in conditions below the closure temperature and incorporates 
parent and daughter isotopes during growth. The closure temperature of scheelite is unknown 
however in garnet it has been determined to be between 400 and 600 oC (Dutch and Hand, 
2010), which is the upper range of the scheelite temperature stability. λ is the decay constant 
which is the probability that a nucleus will decay over a given time interval and is different for 
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different decay systems. The decay constant for 147Sm is 6.54 x 10-12y-1 (White, 2015). The 
amount of 143Nd and 147Sm can be measured using TIMS (Thermal Ionisation Mass 
Spectrometry) or MC-ICPMS (Multicollector Inductively Coupled Plasma Mass Spectrometry) 
and the results are typically presented as ratios to 144Nd, therefore Equation 1 can be rewritten 
as:  
Equation 2: 143Nd/144Nd(measured) = 143Nd/144Nd(initial) + 
147Sm/144Nd(e(λt) – 1).  
In natural materials the initial value of 143Nd/144Nd and the age of the sample (t) is 
typically unknown; however, Equations 1 and 2 are linear relationships which means that if 
two or more samples are measured and plotted on an isochron diagram (143Nd/144Nd vs 
147Sm/144Nd) the range of compositions should follow a line (isochron) such that the y-intercept 
corresponds to the 143Nd/144Nd(initial) and the gradient proportional to the time since the system 
was closed (since t =0). However, there is always some analytical uncertainty associated with 
the measurements so a bet-fit line is determined and this is typically done on a computer via 
the least squares linear regression method (e.g, Ludwig, 2011). The goodness of fit of the 
resulting line can be quantified by the MSWD (Mean Square of Weighted Deviates). An MSWD 
close to 1 indicates that the line fits the data well and is considered a statistically significant 
linear relationship. On the other hand, MSWD << 1 indicates that the analytical uncertainties 
have been overestimated and an MSWD >> 1 indicates excess scatter or scatter that cannot 
be explained entirely by the analytical uncertainty of the measurements.  
If the isochron has excess scatter (MSWD >1) or the calculated age and initial 
143Nd/144Nd values are not consistent with the geological context of the samples that indicates 
that one of the requirements for creating an isochron have not been met. These requirements 
include: 1) all the samples formed at the same time; 2) all samples had the same 
143Nd/144Nd(initial) compositions within analytical uncertainty at the sampling scale; and 3), that 
the Sm-Nd system has remained closed since the closure event (t = 0) to the present day. 
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Requirement 1 may be controlled by careful sample selection; for example, only including 
analyses of rock or mineral samples that have similar textures or relative ages as determined 
by cross-cutting or field relationships. Violation of requirement 2 may be caused by variable 
mixing of isotopically distinct endmembers at the time of formation e.g., mixing of two or more 
magmas. If this has occurred by binary mixing (mixing of 2 endmembers) then it may be tested 
by plotting the age-corrected 143Nd/144Nd compositions (143Nd/144Nd(age-corrected) = 
143Nd/144Nd(measured) – 147Sm/144Nd(eλt-1) against 1/Nd but this is only possible if the age of the 
closure event has been constrained by other means e.g., U-Pb in zircon. If a linear relationship 
is observed, binary isotope mixing is a likely cause of the excess scatter; however, in 
hydrothermal systems where scheelite mineralisation occurs, fluids may interact with a wide 
range of lithologies and dissolved components are derived from preferential breakdown of 
minerals, so it is more likely that multiple endmember compositions may contribute to a mixed 
initial isotope composition of scheelite. For this reason, it can be difficult to determine if mixing 
is the primary cause of excess scatter in hydrothermal systems and it may be helpful to 
consider the Nd compositions in conjunction with other radiogenic isotope systems such as 
Sr. Violation of requirement 3 occurs when the Sm-Nd system is disturbed by one or more 
geological events after the initial closure event of the rock or mineral (Davies et al., 2018). In 
this case, it should be expected that alteration or recrystallisation would create multiple 
generations of scheelite which means it is important to have a strong textural control on the 
samples.  
When attempting to construct an isochron, it is favourable to use samples with a 
relatively wide range of Sm/Nd ratios as these will have greater differences between the 
143Nd/144Nd compositions due to 147Sm decay and therefore may provide greater confidence 
in the linear relationship. This can be a challenging as Sm and Nd are neighbouring REE so 
they are not easily fractionated by natural processes. However, as described in Section 1.4.3, 
scheelite often forms with a range of REE patterns from n- to u-shaped that correspond to 
relatively high Sm/Nd and low Sm/Nd ratios respectively and make scheelite an excellent 
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mineral to target for Sm-Nd isochron dating. These variations can occur within scheelite grains 
so that isochrons may be constructed from multiple analyses within a grain; however, since 
the end of the 20th century isotopic compositions of scheelite have been measured using bulk 
sampling techniques (e.g. Anglin et al., 1996; Bell et al., 1989; Darbyshire et al., 1996; 
Eichhorn et al., 1997) and these techniques are prone to homogenising compositionally 
distinct zones within scheelite grains. More recently, LA-ICPMS has been used to measure 
isotopic compositions of minerals.  
1.4.4.2 In-situ Sm-Nd isotope measurement via LA-ICPMS  
As part of this thesis, Sr isotope compositions of scheelite were determined using LA-
ICPMS and a new method for determining the in-situ Sm-Nd isotopic compositions of scheelite 
using LA-ICPMS was developed and successfully used to broadly date the timing of scheelite 
mineralisation events and provide insights into mineralising fluid pathways. Prior to this thesis, 
only one case of in-situ Sm-Nd analyses of scheelite was published by Brugger et al. (2002) 
and was done via micro-drilling grains followed by TIMS analysis but is relatively time 
consuming and expensive compared to LA-ICPMS. Using in-situ techniques means that most 
of the requirements for developing a reliable isochron can be accounted for via strong textural 
control of the analyses. For example, specific zones within scheelite grains or specific 
scheelite textures may be targeted and fractures or mineral inclusions may be avoided so 
there can be more certainty that the analyses are not mixed or contaminated. Other 
advantages of using LA-ICPMS for measurement of isotope compositions is that the sample 
preparation is quick and a large number of analyses may be obtained as these are carried out 
on polished thin sections or epoxy grain mounts.  
During the course of LA-CIMPS isotope analysis, data were normalised to primary 
standard materials which were Tridacna clam (EN-1) for Sr isotopes and Tory Hill titanite (TH-
tnt-1) for Nd. The Sr and Nd compositions of these materials have been precisely measured 
using TIMS and shown to be homogenous with and between multiple samples. Therefore, by 
comparing the known values of the standard materials to the measured values obtained during 
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a session of LA-ICPMS analyses, a correction factor may be calculated and applied to all 
unknown or secondary standard materials. If the measured compositions vary throughout the 
session, it may be necessary to apply a drift correction. Although there are currently no well-
established Sr or Nd scheelite standard reference materials available, we the monitored the 
quality of our analyses using a suite of secondary standards. In the case of Sr, this was BHVO-
2 BIR-2 BCR-2 (basaltic glasses) and our in-house scheelite standard materials OU13940, 
OU15014. In our studies, independent of this one, we have shown that using tridacna is 
capable of reproducing the Sr isotope compositions of a variety of other minerals (Scott J. M., 
unpublished data). For Nd isotopes secondary standard materials were Tory Hill apatite (TH-
ap-1), OU13940 and OU15014. The reproducibility of a secondary standard allows 
assessment of the impact of matrix effects by using non-matrix matched primary standard 
materials.  
Invariant ratios are used to check the quality of the method and data reduction. These 
ratios are between stable isotope and therefore should not vary between natural materials 
through time. For Sr this is 84Sr/86Sr and for Nd it includes 148Nd/144Nd and 145Nd/144Nd. Results 
that deviated from the known values of each invariant ratio mean that the method or data 
reduction need to be carefully assessed before accepting the results as important isobaric 
interference corrections may have not been applied correctly or were overlooked. However, a 
significant departure from the natural invariant ratio does not necessarily mean that the 
measured variant ratios are poor quality. 
 
1.4.4.3 Epsilon notation 
It is generally considered that the isotopic composition of the solar system was 
homogenous when the earth formed such that the Nd composition of the earth was similar to 
other solid bodies that formed at the same time(DePaolo and Wasserburg, 1976; Jacobsen 
and Wasserburg, 1984; Jacobsen and Wasserburg, 1980). This composition is represented 
by the Chondritic Uniform Reservoir (CHUR) (DePaolo and Wasserburg, 1976; Jacobsen and 
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Wasserburg, 1984; Jacobsen and Wasserburg, 1980) and recent work has determined this to 
have 143Nd/144Nd(initial) = 0.512630 and 147Sm/144Nd = 0.1960 (Bouvier et al., 2008). Over time 
the composition of CHUR has evolved according to Equation 1; however, geological 
processes such as partial melting of the mantel and formation of the crust fractionate Sm and 
Nd. This causes the resulting rocks to evolve along a different trajectory to CHUR. The 
deviation from CHUR at a given time may be represented by the epsilon notation which is 
defined as Equation 3: 
Equation 3: εNd = [(143Nd/144Nd(sample) – 143Nd/144Nd(CHUR) ) / 
143Nd/144Nd(CHUR) ] x 10,000 
Most rocks and minerals have εNd between 9 and -20. An εNd of 0 means that the rock 
or mineral has the same composition as CHUR. Positive values are generally seen in 
ultramafic rocks whereas negative values are typically observed if felsic rocks. This is because 
light REE preferentially partition into a liquid phase so when a portion of the mantle with a 
chondritic composition undergoes partial melting, the residual mantle will be relatively 
depleted in light REE and have higher Sm/Nd and therefore evolve with more radiogenic (more 
positive) εNd compositions over time. On the other hand, the melt will be relatively enriched in 
light REE so will have lower Sm/Nd and evolve to have less radiogenic compositions.  
1.4.4.4 Tracing fluid pathways 
The Nd and Sr isotopic compositions of hydrothermal minerals including scheelite are 
directly inherited from the fluid they form in as these radiogenic isotopes are not fractionated 
by chemical fractionation processes; however, it should be noted that this not the case for 
some stable isotope systems such as 16O - 18O which may be used as a paleothermometer 
(e.g., Jarosewich et al., 1980). Therefore, the Sm-Nd and Sr isotopic composition of a 
scheelite grain should replicate the composition of the fluids at the time of mineralisation. In 
the same way, the Sm-Nd and Sr isotopic compositions of components that are added to a 
hydrothermal fluid due to the breakdown of minerals are not fractionated so that the isotopic 
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composition of a fluid represents a mixture of components that were incorporated at the source 
or from the wall rock during movement through a body of rock. To do this, it is necessary to 
determine the 87Sr/86Sr and 143Nd/144Nd compositions of scheelite and potential source rocks 
or minerals at the time of mineralisation. This can be done by using Equation 4: 
Equation 4: D(initial) = D(measured) - P(e(λt) – 1).  
Where D = daughter isotope composition e.g. 143Nd/144Nd or 87Sr/86Sr, and P = parent 
isotope composition e.g. 147Sm/144Nd or 87Rb/86Sr. 
These age corrections are required when the samples have sufficiently high P/D ratios; 
however, for Sr in scheelite, the measured 87Sr/86Sr composition should be very similar to the 
initial composition as scheelite crystalises with very low Rb/Sr ratios. 87Rb radioactively decays 
to 87Sr with a half-life of 48 billion years (White, 2015) so if the Rb/Sr ratios are very low the 
change in 87Sr/86Sr may be insignificant. For all scheelite analysed in this study, the estimated 
87Rb/86Sr was in the order of 0.0001 with a maximum ratio of 0.001. This corresponds to an 
87Sr/86Sr age-correction within the 6th or 7th decimal place over a 500 Ma period whereas the 
typical uncertainties on Sr isotope LA-ICPMS analyses are within the 4th or 5th decimal place.  
 
1.5 Scheelite deposits in New Zealand 
Multiple occurrences of magmatic and metamorphic tungsten mineralisations are 
known within New Zealand and are mostly located within the South Island (Christie and 
Brathwaite, 1996). The magmatic occurrences are sub-economic and mostly associated with 
plutonic rocks that have intruded metasedimentary rocks that make up the Western Province 
basement rocks (Fig. 1-3). On the other hand, most of the metamorphic deposits formed in 
the Eastern Province basement rocks during the development of the Otago Schist and 





Figure 1-3: Distribution of known tungsten mineralisations within the South Island of New Zealand. Magmatic 
mineralisations are mostly located within the Western Province basement rock terranes, whereas metamorphic mineralisations 
are located within or near the southern boundary of the Rakaia Terrane in the Eastern Province basement rocks. 
 
1.5.1 Magmatic tungsten mineralisation 
1.5.1.1 Devonian - Carboniferous scheelite mineralisation  
Most occurrences of magmatic scheelite mineralisation in New Zealand are associated 
with Palaeozoic granitoids that have intruded metasedimentary rocks, which make up the 
Western Province Basement Terranes. Within the Buller Terrane, greisen-like scheelite 
mineralisation occurs within or around Karamea Suite granite stocks or plutons at Doctors Hill 
– Falls Creek, Barrytown and Batemans Creek. At Kirwans Hill, scheelite + gold mineralisation 
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is hosted within Ordovician metasedimentary rocks of the Greenland Group but is likely 
genetically related to scheelite mineralisation at Batemans Creek (Bentley, 1982; Pirajno and 
Bentley, 1985). The presence of tourmaline with scheelite is a consistent feature in these three 
deposits (Mackenzie, 1983; Palmer et al., 2021; Pirajno and Bentley, 1985; Tulloch, 1986). In 
contrast, scheelite mineralisation within the Takaka Terrane occurs at Canaan Downs within 
the Canaan Granodiorite, which intrudes the ultramafic and mafic plutonic rocks of the Riwaka 
Igneous Complex at 364 Ma (Muir et al., 1996a; Tulloch et al., 2009) and the Arthur Marble 
(Williams, 1959). Note that the Canaan Granodiorite was assumed to be part of the 
Cretaceous Separation Point Suite granitoids (Muir et al., 1995) but U-Pb zircon dating carried 
out during this study yielded an Early Carboniferous age of 351 Ma (Chapter 5). The Karamea 
Suite and the Riwaka Igneous Complex rocks were emplaced in the late Devonian or Early 
Carboniferous, shortly after the docking of the Buller and Takaka Terranes (Cooper, 1989; 
Jongens, 2006). Therefore, the associated scheelite mineralisation may represent a regional 
event of tungsten mobilisation in the Late Devonian and Early Carboniferous; however, the 
sources of components and timing of scheelite mineralisation are not well constrained. In an 
attempt to resolve this, scheelite samples were gathered and analysed from Barrytown, 
Batemans Creek and Canaan Downs. The detailed geological settings and results of the 
investigations into these three deposits are presented within Chapters 2 (Barrytown) and 4 
(Batemans Creek-Kirwans Hill and Canaan Downs). Attempts to gather scheelite samples 
from Doctors Hill were unsuccessful; however, a brief description of the deposit is presented 
here and shows that scheelite mineralisation at this site has many similar characteristics to 
other Karamea Suite scheelite occurrences. 
1.5.1.1.1 Doctors Hill 
At Doctors Hill sub-economic scheelite mineralisation is hosted within vertical quartz-
tourmaline veins that cut across predominantly porphyritic biotitic quartz-monzonites. The 
mineralised veins have a similar orientation to joint sets within the granite and are therefore 
inferred to have formed by selective localised horizontal dilatation of these joints (Mackenzie, 
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1983; Maxwell, 1989). Drilling indicated that the currently exposed surface of the quartz-
monzonite stock is near the upper contact and that blocks of hornfelsed Greenland Group 
metasedimentary rocks, also mapped at the surface, are roof pendants. Scheelite 
mineralisation at Falls Creek outcrops approximately 15 km north of Doctors Hill within a road 
cutting and may represent a deeper level in the mineralised system (Mackenzie, 1983). The 
scheelite-bearing veins are generally similar to those at Doctors Hill; however, they sometimes 
also contain cassiterite, molybdenite and topaz. 
1.5.1.2 Cretaceous tungsten mineralisation 
Magmatic scheelite deposits are also known at Ngakawau and Lake Stream along the 
edge of the Karamea Batholith but are associated with porphyritic granites that are presumably 
Cretaceous in age (Christie and Brathwaite, 1996; Pirajno, 1982). Wolframite mineralisation 
is also recorded in the Tin Range on Stewart Island related to greisenised Cretaceous granites 
and metasedimentary rocks that make up the Median Batholith (Lilley et al., 2021). A brief 
description of tungsten mineralisation at Ngakawau and the Tin Range are provided here and 
show that style of mineralisation at these sites are clearly different from the Devonian-
Carboniferous mineralisation elsewhere. 
1.5.1.2.1 Ngakawau 
Localised scheelite mineralisation at Nagkawau occurs within greisenised porphyritic 
granite stocks and within the surrounding greisenised Greenland Group metasedimentary 
hornfels in the headwaters of the Ngakawau River, northern Westland. Within the area, quartz 
veins generally strike north to northeast or northwest but no in-situ scheelite-bearing veins 
were located by Pirajno (1982); however, insights into the mineralisation could be obtained 
from the scheelite-bearing samples in river boulders. Within the porphyritic granite, scheelite 
mineralisation occurs as disseminated grains or in stockwork quartz veins along with pyrite, 
chalcopyrite and localised minor amounts of gold (Pirajno, 1982). Scheelite mineralisation in 
the Greenland Group metasedimentary rocks also occurs as disseminated grains in in the 
host rock and quartz veins but is associated with arsenopyrite and pyrite. The disseminated 
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scheelite grains are porphyroblastic and occur as bands parallel to a weak foliation whereas 
the scheelite in the veins can be found having filled open space. The timing of this 
mineralisation is not well constrained, but the Ngakawau porphyritic granites are 
geochemically similar (Na, K and Si concentrations, Pirajno, 1982) to Cretaceous granites and 
associated molybdenum mineralisation nearby, at Bald Hill (Eggers, 1978). 
1.5.1.2.2 Tin Range  
At the Tin Range in Stewart Island, tungsten-tin mineralisation is related to intrusion of 
the Tin Range Granodiorite in the Cretaceous period, at or after 108 Ma, during a period of 
extension and crustal thinning (Lilley et al., 2021). Mineralisation occurs in a zone of greisen-
altered granodiorite and surrounding greisen-altered metasedimentary rocks of the Pegasus 
Group but the main lode zones are within quartz-topaz greisens, which are inferred to be the 
altered equivalents of granodiorite dykes that extend in to the Pegasus Group 
metasedimentary rocks (Lilley et al., 2021). Wolframite is the main tungsten ore mineral but 
associated rutile has elevated concentrations of W up to 2 wt%. No scheelite has been 
reported from this location. Other ore minerals occur in minor to trace amounts and include 
cassiterite, gahnite (ZnAl2O4), sphalerite, chalcopyrite, and an Fe-Sn-Cu sulphide mineral. The 
greisen alteration is characterised by the presence of topaz, fluorapatite and white mica with 
elevated fluorine concentrations.  
1.5.2 Metamorphic tungsten mineralisation 
Metamorphic scheelite mineralisation has produced all of the historically economic 
scheelite deposits in New Zealand. The most notable of these are Glenorchy, the Hyde-
Macraes Shear Zone and the Dead Horse Creek in the Wakamarina River; however, multiple 
smaller and historically economic and sub-economic scheelite + gold deposits occur 
throughout the Otago Schist and Marlborough Schist and include Alta Lode, Barewood, and 
Top Valley (Fig. 1-3). Widespread, weak, and uneconomic scheelite mineralisation is also 
reported from within low metamorphic grade metasedimentary rocks along the Southern Alps 
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including scheelite mineralisation at Boanerges Peak, which was investigated as part of this 
thesis.  
Previous research into these deposits has mainly focused on defining the structural, 
mineralogical and whole-rock geochemical characteristics of the Glenorchy lodes and Hyde 
Macraes Shear Zone (Allibone et al., 2017; Craw, 2002; Craw et al., 1999; MacKenzie et al., 
2017; Paterson, 1982; Petrie et al., 2005; Reed, 1945; Teagle et al., 1990). More recent work 
has indicated that the source of metals enriched in these deposits (Au, Ag, As, Sb, Hg, Mo & 
W) are derived from bulk leaching of the metasedimentary rocks at the greenschist-
amphibolite facies boundary. Detrital rutile may be an important mineral source of tungsten 
and diagenetic pyrite may be an important source of Au in the Rakaia Terrane protoliths of the 
Otago Schist (Cave et al., 2017; Large et al., 2012; Pitcairn et al., 2015; Pitcairn et al., 2006). 
Most recently Scanlan et al. (2018) constrained mineralising fluid pathways by measuring Sr 
isotope composition of scheelite from Glenorchy, Alta Lode, Waipori and Barewood. Chapter 
3 of this thesis expands on this work by bringing together published and unpublished in-situ 
LA-ICPMS trace element and Sr isotope data and combining this with new highly detailed LA-
ICPMS assessments of scheelite from Boanerges Peak, Glenorchy, Alta Lode, and Barewood. 
This has allowed for the distinction between uneconomic and economic orogenic scheelite 
compositions in New Zealand and provides insights into the length-scales of element mobility 
within these deposits during scheelite mineralisation. 
2 Magmatic scheelite: In-situ LASS-ICPMS Sm-Nd isotope 
characterisation and dating  
This chapter outlines a method we developed for obtaining in-situ Sm-Nd isotope 
compositions of scheelite via Laser Ablation Split Stream - Inductively Coupled Plasma Mass 
Spectroscopy (LASS-ICPMS). This work is the first of its kind and has been published in 
Palmer et al. (2021) but replicated here in a thesis format. My involvement in this work included 
collection and preparation of samples for LASS analysis, conducting LASS-ICPMS analyses, 
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reducing the data, preparing the first draft of the manuscript, and addressing all revisions for 
the final version. A copy of the published paper is included in the appendix.  
2.1 Abstract 
Scheelite (CaWO4) is a useful mineral in determining the paragenesis of mineralising 
systems. While it is well-established that scheelite grains contain trace element budgets 
indicative of the mineralising fluid, scheelite grains within the same rock commonly display a 
wide range of inter-element ratios such as Sm/Nd caused by crystal-melt/fluid fractionation. 
With time, the varying Sm/Nd leads to variability in Nd isotope ratios, opening the possibility 
of using the 147Sm-144Nd decay system within a single thin section to 1) establish the initial Nd 
isotopic composition of the mineralising fluid and 2) date scheelite crystallisation. Here, we 
provide the first assessment of rapid in-situ Sm-Nd scheelite characterisation by simultaneous 
acquisition of Sm-Nd isotopes and trace elements (REE + Sr + Mo) using laser ablation split-
stream (LASS) inductively coupled plasma mass spectrometry (ICPMS) for scheelite 
mineralisation associated with the 368 Ma Barrytown Granite in New Zealand. The resulting 
data plot as linear arrays on isochron diagrams that yield robust regression ages of 307 +76/-
66 Ma and 281 +190-140 Ma that overlap the age of the host granite and have initial 
143Nd/144Nd compositions of εNdi (368) = -4.4 + 0.7 and εNdi (368 Ma) = -5.0 + 1.3 overlapping those 
of age-corrected host rocks. Analysis of Archean scheelite from the Young-Davidson Gold 
Mine in Abitibi Greenstone Belt, Canada yields an isochron age that overlaps with the existing 
age constraints of the scheelite mineralisation (2.47 – 2.6 Ga) and confirms the viability of the 
method. Despite the large errors, the in-situ Sm-Nd scheelite isochron method therefore has 
the potential to be a very powerful tool in mineral exploration and paragenetic studies because 
it 1) enables characterisation of the initial Nd isotope composition of the hydrothermal fluid on 
a microscale; 2) is useful for placing broad age constraints on a deposit; and 3) could be used 
for assessing detrital scheelite provenance. Constraints on the method include a minimum 
concentration of Nd in scheelite of at least 100 ppm and necessary variability of Sm/Nd within 
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a sample. Ultimately these factors limit the current application of this approach to 
geochronology. 
2.2 Introduction 
Scheelite (CaWO4) is an important mineral for understanding ore deposits because of 
its occurrence in skarns, vein/stockworks, greisens, porphyrys and orogenic Au deposits 
(Poulin et al., 2018; Poulin et al., 2016; Scanlan et al., 2018) and its ability to incorporate a 
variety of trace elements, including up to 1000 ppm of rare earth elements (REE) and Sr. By 
characterising scheelite trace element compositions, it is possible to gain insights into the 
physiochemical processes active within the deposits during mineralisation (Fu et al., 2017; 
Ghaderi et al., 1999; Hazarika et al., 2016; Plotinskaya et al., 2018; Raimbault et al., 1993; 
Roberts et al., 2006; Song et al., 2014) and by determining the Sr and Nd isotope compositions 
it is possible to trace the source of scheelite-mineralising fluids and detect fluid-rock 
interactions (Bell et al., 1989; Brugger et al., 2002; Darbyshire et al., 1996; Kempe et al., 2001; 
Sun and Chen, 2017). 
Scheelite isotope compositions in mineralising systems are commonly measured via 
bulk sampling techniques, which homogenise fine-scale compositional variation and therefore 
obliterate the micro-textural context of the elements. However, due to advancements in LASS-
ICPMS, reliable in-situ measurements of scheelite trace element and REE compositions down 
to the 50-m scale have become commonplace (Brugger et al., 2000a; Brugger et al., 2000b; 
Brugger et al., 2002; Dostal et al., 2009; Hazarika et al., 2016; Poulin et al., 2018; Poulin et 
al., 2016; Sciuba et al., 2019; Song et al., 2014; Sun and Chen, 2017). Recently, determination 
of Sr isotopic compositions down to the 33-μm scale has been carried out (e.g. Kozlik et al., 
2016; Li et al., 2012; Scanlan et al., 2018). Such studies have found considerable fine-scale 
trace element, REE, and Sr isotope zonation within single scheelite grains, emphasising the 
sensitivity of scheelite crystal chemistry to its mineralising conditions and reinforcing the 
importance of developing in-situ analytical techniques.  
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Because scheelite trace element compositions within single grains or samples show 
variable REE abundances (Brugger et al., 2000a; Brugger et al., 2000b; Brugger et al., 2002; 
Dostal et al., 2009; Hazarika et al., 2016; Sun and Chen, 2017), the variation in Sm/Nd makes 
this isotope system a potential mineralisation dating tool. The trace element patterns often 
range from an n-shaped curve where the middle REEn (n = chondrite normalised) are greater 
than the light REEn and heavy REEn, through to a u-shaped curve where middle REEn are 
lower than the light REEn and heavy REEn. The most common interpretation of these patterns 
is that there is an evolution from an n-shaped curve towards a u-shaped curve during 
progressive fractional crystallisation in a closed system due to scheelite having a 
crystallographic preference for middle REE (Brugger et al., 2000a; Brugger et al., 2000b; 
Brugger et al., 2002; Hazarika et al., 2016; Li et al., 2018). If this is the case, the variation in 
Sm/Nd ratios may develop during a single event of mineralisation (within practical analytical 
error) and, therefore, measurement of the in-situ variation of Sm-Nd isotopic compositions 
make it possible, in theory, to determine the timing of mineralisation using an isochron from 
within a single grain, thin section or grain mount. A single account of in-situ Sm-Nd isotope 
analysis of scheelite, via micro-drilling and then traditional solution chemistry, has been 
provided by Brugger et al. (2002) this approach requires relatively large grains with thick 
zonation domains to accommodate the 1 mm drill diameter. More recent micromilling 
approaches (e.g. Charlier et al., 2006) may provide greater spatial resolution and should be 
explored. 
LASS-ICPMS enables analysis at a high spatial resolution with minimal sample 
preparation and quicker sample throughput than solution-based methods. Here, we evaluate 
the use of LASS-ICPMS to simultaneously measure in-situ Sm-Nd isotopes and trace element 
compositions of scheelite at the 193-μm scale and discuss the advantages and disadvantages 
of this approach in dating mineralisation events. Firstly, we present and compare the results 
of LASS-ICPMS and TIMS analyses on two potential scheelite standard reference materials 
(SRM) using titanite as a primary calibration SRM and apatite as a secondary SRM. We then 
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examine two case studies: 1) a Phanerozoic intrusion-related scheelite occurrence in 
Barrytown, New Zealand representative of young deposits common globally; and 2) scheelite 
mineralisation from the Young Davidson Gold Mine within the Neoarchean Abitibi terrane of 
the Superior craton in Canada to assess the method in ancient mineralising systems. We 
conclude that LASS-ICPMS provides a rapid reconnaissance method for general age 
constraints on scheelite mineralisation events, is useful for characterising the pathways of ore-
forming fluids and could be used to determine the provenance of detrital scheelite grains. 
2.3 Methods 
2.3.1 Sample preparation 
Two large (3 cm diameter) euhedral scheelite crystals from Canaan Downs, New 
Zealand were prepared for assessment as potential scheelite standard reference materials for 
LASS-ICPMS Sm-Nd isotope analysis. Each crystal was crushed in a plastic bag with a steel 
hammer and fragments of 2 – 10 mm in diameter were handpicked under visible light. 
Fragments with inclusions or factures were avoided. Four randomly selected fragments from 
each crystal were put aside for isotope dilution - thermal ionisation mass spectroscopy (ID-
TIMS) and others were set within an epoxy mount: scheelite standard mount 2 (SSM2).  The 
epoxy-mounted fragments were mapped by electron backscatter diffraction at the Centre of 
Microanalysis University of Otago and imaged using cathodoluminescence imaging. 
Representative scheelite-bearing rock samples from the Barrytown location were 
prepared as polished thin sections with a minimum thickness of 30 μm thick to help avoid laser 
drill-throughs. Grain boundaries in scheelite within the thin sections were mapped using a 
petrographic microscope and cathodoluminescence imaging was used to check for growth 
zonation in some samples. Cathodoluminescence imaging was undertaken in the Geology 
Department at the University of Otago using a Technosyn 8200 Mk11 cold cathode 
luminescence system attached to an Olympus BX41 petrographic microscope. Electron beam 
operating conditions of 17-20 kV and 620 µA were maintained during imaging. In addition, a 
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~ 1 cm diameter fragment of the Young-Davison sample (M1088) was mounted in epoxy and 
polished. Ablation was conducted on point lines across the grain. 
Prior to undertaking in-situ LASS-ICPMS Sm-Nd isotope analysis on the Barrytown 
scheelite, a preliminary session of trace element analysis via laser ablation ICPMS was 
undertaken at the University of Otago during the same analytical session and following the 
same methods as described in detail by Tay et al. (2020). Points were then selected for 
isotopic analysis that covered a range of Sm/Nd and avoid areas where the Nd concentrations 
were less than 100 ppm, which we determined to be the lower threshold for reliably measuring 
Sm and Nd isotope abundances. The LASS analysis points for the Young-Davison scheelite 
and the scheelite standard mounts were randomly selected as no preliminary trace element 
analysis was conducted. 
 
2.3.2 LASS-ICPMS 
 Simultaneous Sm-Nd isotope and trace element measurements were made in 
the Arctic Resources Laboratory at the University of Alberta (Luo et al., 2019). The scheelite 
samples were ablated using the LASS technique described by Yuan et al. (2008) and Xie et 
al. (2008) and refined by Fisher et al. (2014). Samples were ablated using a 193 nm Resolution 
Excimer ArF laser equipped with a Laurin-technic S-155 two-volume ablation cell. Analyses 
were performed using a laser fluence (measured at the ablation site) of 3.8 to 4 J/cm2 and a 
repetition rate of 5 to 7 Hz. Analysis time consisted of 60 seconds of background followed by 
70 seconds of ablation and then 40 seconds of sample washout. The carrier gas was a mixture 
of ~1.6 L/min Ar and 14 ml/min N2, which entered tangentially from the top of the S-155 
ablation cell funnel and ~800 ml/min He entering from the side of the cell. This yielded a 
pressure in the ablation cell of ~7.5 KPa. The ablated sample aerosol, He, N2 and Ar mixture 
was then split after the laser cell using a Y-piece, diverting the ablation product to a Thermo 
Neptune Plus using multiple Faraday detectors with 1011 Ω amplifiers operating in static 
collection mode (for Sm-Nd) and a Thermo Element-XR 2 mass spectrometer using a single 
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secondary electron multiplier detector in peak hopping mode (for trace elements). The 
geometry is described in more detail in (Fisher et al., 2020). The length of tubing was equalised 
such that the ablated sample aerosol arrives simultaneously at both mass spectrometers. 
Trace elements (with their analysed isotope given) measured were 88Sr, 95Mo, 139La, 140Ce 
141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb and 175Lu. Calibration 
was performed using REE-doped silicate glass NIST SRM 612 in conjunction with internal 
standardisation using isotope 43Ca. The results of the measurements of secondary standards 
(e.g., NIST614) agree with the reference values within relative uncertainties of typically 5–10% 
or better at the 95% confidence level. Typical laser ablation and ICPMS parameters during 
sample analyses are summarised in Table 2-1. 
LASS-ICPMS data were collected over four analytical sessions (1, 2, 4 and 5, note that 
session 3 is excluded here but reported in Appendix Table D-3) with the first two in August 
2018, the fourth in September 2018 and the last one in September 2019. During the first two 
sessions (1 + 2), the epoxy-mounted crystal fragments within SSM2 were analysed to assess 
in-situ isotopic homogeneity across the fragments and to assess whether the LASS-ICPMS 
method is able to reproduce the ID-TIMS compositions of these crystals at the 193 um 
resolution. During session 4 the Neoarchean scheelite sample from the Young-Davidson Mine 
was analysed without accompanying SSM2 analyses, and during session 5 the Phanerozoic 
scheelite samples from Barrytown were analysed along with a few 940 Scheelite analyses 
from SSM2. 
For Sm-Nd isotopes, standard reference materials analysed during all sessions were 
Tory Hill titanite (TH-tnt-1), Tory Hill apatite (TH-ap-1); (Fisher et al., 2020). The Sm-Nd and 
trace element data were processed offline using Iolite v3.32 software within Igor Pro 6.37 
(Paton et al., 2011) customised to the LASS applications (Fisher et al., 2017). Approximately 
the first 5 seconds of each analysis were removed so that each integration period included 
measurements taken after the laser had bedded into the sample  
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Table 2-1: A) cup configuration for Sm – Nd isotopic analyses and corresponding interferences. B) Operating 
parameters of both mass spectrometers during LASS analyses. 
 
 
surface and was thus free of surface contamination. Additionally, all integration periods were 
inspected and adjusted to capture potential isotope zonation and remove any peculiarities 
(such as, drill throughs, large spikes due to inclusions or alteration cracks). The isotopic data 
were reduced using the LASS software approach described by Fisher et al. (2017), and 
standardised against 146Nd and the Tory Hill titanite. Results were filtered to remove any 
analyses with internal precisions at the 2SE level of greater than 0.8 epsilon units (2SE x 
10,000), with 148Nd/144Nd values below 0.241 and to retain only the analyses with 145Nd/144Nd 
between 0.348365 and 0.348465; the accepted invariant value, normalised to a 146Nd/144Nd 
value of 0.7219, is 0.348415 (Wasserburg et al., 1981).  
A          
 L4 L3 L2 L1 Axial H1 H2 H3 H4 
Analyte 142Nd 143Nd 144Nd 145Nd 146Nd 147Sm 148Nd 149Sm 150Nd 
Interference  142Ce 144Sm    148Sm  150Sm, 134Ba16O 
B   
Parameters 
Multi Collector-Inductively Coupled Plasma Mass 
Spectrometer 
Sector Field-Inductively Coupled Plasma 
Mass Spectrometer 
. Thermo Neptune Plus Thermo Element XR 
Forward power 1275 W 1250 W 
Mass resolution Low Low 
Gas flows   
Cool/plasma (Ar) 16  L/min 16 L/min 
Auxiliary (Ar) 1 L/min 1 L/min 
Sample/nebulizer (Ar) 0.6 L/min 1 L/min 
Carrier gas (He) 400ml/min 400ml/min 
Nitrogen 6- 7mL/min 6 -7mL/min 
Laser ablation   
Type 
Resolution Excimer 193nm ArF excimer laser 
(Australian Scientific Instruments) 
 
Ablation Cell 
Laurin Technic S-155, constant 
geometry, aerosol dispersion 
volume < 1 cm3 
 
Pulse width 20ns  
Repetition rate 5Hz-7 Hz  
Laser fluence 3.8-4J/cm2  
Spot size 193um  
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 Tory Hill (TH-tnt-1) titanite has a recently determined homogenous 143Nd/144Nd 
value of 0.512310 + 5 (Fisher et al., 2020). We chose to use this as the primary calibration 
standard because titanite was the closest matrix match to scheelite available among well-
characterised reference materials and because our attempts to develop an in-house scheelite 
standard (940) showed that some fragments contain higher than acceptable internal variation 
in Sm-Nd isotopes (discussed below). Therefore, during each session 15 Tory Hill titanite 
analyses were completed with at least 5 analyses bracketing 9-12 unknowns. Some outlier 
analyses of Tory Hill titanite were removed from each session due to anomalous isotopic ratios 
and were attributed to defects at the crystal surface, as space available for ablation was 
limited. At least 10 analyses of Tory Hill titanite were conducted during each session that 
replicated the known value within measurement uncertainty (Fig. 2-1). The mean internal 2SE 
for all titanite analyses was 0.14 epsilon units (1 epsilon unit = 2SE X 10,000). Tory Hill (TH-
ap-1) apatite is another reference material that has recently been determined to have 
homogeneous 143Nd/144Nd = 0.512048 + 6 (Fisher et al., 2020) and was used as a secondary 
standard with 14 analyses per session carried out with a mean internal analytical uncertainty 
(2SE) of 0.14 epsilon units during each analytical session. 
 
2.3.3 TIMS 
2.3.3.1 Sample preparation 
Due to variable Nd concentrations in the samples (e.g., 150-700 ppm) relatively smaller 
(approximately 5 – 15 µg) visibly inclusion free and clean fragments of scheelite were picked 
under binocular microscope. All samples were cleaned by 4N HNO3 on a hotplate for 60 min. 
A pre-calibrated 150Nd-149Sm spike was added to each fraction prior to dissolution by a mixture 
of concentrated HF (48%) and HNO3 (16N) in a 2:1 ratio on a hotplate at 120oC for 48-72 hrs. 
The solution was evaporated to dryness before converting into chloride form to pass through 
the column chemistry. Nd and Sm were separated from other REE and major elements using 
a cation column (AG 50W X8 100-200 mesh) followed by a Ln spec column chemistry following 
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similar procedure described by Scrivner et al. (2004), with procedural blanks and analysis of 
reference materials given in Shu et al. (2019).  
 
2.3.3.2 Instrumentation + acquisition method 
The Nd isotopic composition was measured using a Thermo-Fisher Triton Plus 
Thermal Ionisation Mass Spectrometer (TIMS) at the Arctic Resources Lab in University of 
Alberta. The TIMS is equipped with nine Faraday cups connected to 1011 Ω amplifiers and 
operating in the positive ionisation mode. Details are given in Shu et al. (2019) The Nd samples 
were dried down with 1 µL of 0.1M H3PO4  and 1 µL 0.15M HNO3 was subsequently added 
before the mixture was loaded onto a previously outgassed zone-refined Re double filaments. 
About 100 ng load of RM JNdi-1 was used as a primary standard to monitor the TIMS 
instrument performance. All isotopic data were collected in a static multi-collector mode using 
the cup-configuration described in Table 2-1 and following the procedure similar to Li et al. 
(2012). Analyses were collected during two analytical sessions, one for 940 scheelite and the 
second for 014 scheelite. Mass fractionation of Nd isotopes was exponentially corrected by 





Figure 2-1: 143Nd/144Nd LASS-ICPMS results of SRMs over the four reported analysis sessions. Horizontal axis is 
analysis order, sessions are indicated by the red dashed line. Internal 2SE shown. The thick horizontal lines represent the 
target values, associated 2SE are less than or equal to line thickness. Target values are taken from (Fisher et al., 2020) for 
TH-tnt-1, and TH-ap-1 and determined by TIMS for 940 Scheelite and 014 Scheelite (Table 2-2). 940 Scheelite was not 
analysed during session 4 and 014 Scheelite was not analysed during sessions 4 and 5. YDS = Young-Davidson scheelite, 
BTS = Barrytown scheelite.  
was monitored and the invariant ratio of 149Sm/144Sm was used to correct for any isobaric 
interference of Sm on 144Nd. 
 
2.4 Sample selection 
The two euhedral scheelite crystals OU15014 (014) and OU13940 (940), from Canaan 
Downs, New Zealand were taken from the Otago University mineral collection. Scheelite at 
Canaan Downs is located within quartz veins up to 2 meters wide that cross-cut a 
Carboniferous granodiorite pluton and the intrusive contacts with a surrounding Ordovician 
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marble; however, the exact location and geological context of the scheelite crystals, 014 and 
940, are unknown as they were collected >50 years ago.  
A coarse grain of scheelite (M1088) housed in the Mineralogy and Petrology Museum, 
University of Alberta, Edmonton from the gold scheelite deposit at Young-Davison Mine, 
Ontario, Canada was processed to assess the applicability of the method when applied to old 
grains, on the basis that any inherent variability in Sm/Nd will generate significantly larger 
time-integrated variations in Nd isotope ratios over the likely > 2.4 Ga age of this deposit. The 
Young-Davison deposit is a Neoarchean lode-gold deposit that has formed at the western 
extent of the Cadillac – Larder Lake deformation zone (CLLDZ). Gold + scheelite 
mineralisation is associated to a syenite intrusion, which is cross-cut by diabase dykes of the 
Matachewan dyke swarm. Four generations of quartz veins have been identified within the 
syenite intrusion V1 – V4 but only V3 veins contain scheelite. These veins are younger than the 
host rocks dated to greater than 2600 Ma old (Ayer et al., 2002), providing a maximum age 
constraint on the scheelite mineralisation, and the cross-cutting diabase dykes are dated to 
2473 +16/-9 Ma (Heaman, 1997; Zhang et al., 2014). V4 veins cross-cut the diabase dykes 
and have been dated by hydrothermal monazite to 1730 ± 5 Ma (Zhang et al., 2014).  
The main suite of unknown scheelite grains analysed for this study come from weak tungsten 
mineralisation at Barrytown on the West Coast of the South Island of New Zealand (Appendix 
Figure B1). Mineralisation occurs within the Barrytown Granite - a small (4 km2) S-type pluton 
exposed near its original roof level that intruded Lower Ordovician greywackes and argillites 
of the Greenland Group (Tulloch, 1986). This is overprinted by an early propylitic alteration 
preserved in the pluton core and followed by argillic alteration associated to the pluton rim 
(Tulloch, 1986). Greisenised zones up to 2 meters from the quartz + scheelite veins postdate 
the propylitic alteration (Tulloch, 1986). The crystallisation age of the intrusion has been 
determined by U-Pb in zircon to be 368.3 + 0.6 Ma (CA-TIMS, Tulloch et al., 2009). 
Additionally, 40Ar/39Ar dating of muscovite and biotite show that the pluton had cooled below 
the closure temperature of these minerals at 366.7 + 2.1 Ma and 360.1 + 1.9 Ma respectively 
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(Spell et al., 2000). Scheelite veins are mostly confined to within the pluton or in the wall rock 
near the pluton margin and are near vertical with north to northeast strikes. In the veins, minor 
amounts of pyrite occur with scheelite, along with wolframite, tourmaline, topaz, cassiterite, 
rutile, hematite, pyrrhotite, chalcopyrite, molybdenite, and magnetite (Tulloch, 1986). Scheelite 
occurs as granular aggregates between 0.2- and 1-cm wide in quartz-tourmaline veins and as 
disseminated grains (0.5-mm wide) between 3 and 6 cm on either side of the veins. The 
scheelite-bearing portion of the alteration halos are intensely altered and consist mainly of 
white mica (50%) that has replaced the original granitic texture. Two scheelite-bearing veins 
were sampled from Barrytown. These are BTY6A, which is located within the core of the 
pluton, and BTY8A from near the margin. Two microscope slides were made from BTY6A: 
BTY6Aa is a thin (5-mm wide) predominantly scheelite-bearing veinlet offshoot from a thicker 
quartz vein, whereas BTY6Ab contains disseminated scheelite grains more than 10 mm from 
the scheelite veinlet margin (Fig. 2-2A, B). BTY8A is vein scheelite occurring in thin sheeted 
veins (5-cm wide max). Three thin sections were made: BTY8Aa, BTY8Ab and BTY8Ac, which 
randomly sample scheelite grains from the vein. The scheelite forms subhedral grains 1 to 5 
mm in diameter. 
2.5 Results 
2.5.1 Cathodoluminescence textures 
Fragments of the 940 Scheelite and 014 Scheelite appeared homogenous with a blue 
or whitish blue CL colour. Textures revealed by CL imaging of Barrytown scheelite, however, 
include stripy (S)-type and homogeneous (H)-type (Fig. 2-2C-G). S-Type textures are 
characterised by a variety of colour zones with sharp boundaries and may include areas with 
oscillatory zoning or areas with a mottled appearance. H-Type textures are relatively 
homogenous and generally consist of a single CL colour with diffuse boundaries between 
different homogenous zones.  Vein scheelite in BTY6Aa contain both S-type and H-type CL 
textures. The H-type texture occupies the middle of the scheelite vein and has a reddish-blue 
boundaries between S-type and H-type textures are sharp, but they do not correspond to grain 
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boundaries. Observations with a petrographic microscope show that the vein scheelite 
consists of a single grain with straight extinction under cross-polarised light. Disseminated  
 
Figure 2-2: Analysis maps of LA-ICPMS points in BTY6A and BTY8A. A + B: Photographs of the thin section 
surface exposed to a strong UV light - scheelite has a blue fluorescence other minerals appear as in visible light, white scale 
bar is 2 mm, red box indicates field of view for image C. C to G: Cathodoluminescence (CL) images showing the various CL 
textures and their boundaries (red dotted lines). Analysis spots are shown to scale (193 µm). S = S-Type CL textures, H = H-




scheelite in BTY6Ab are all S-type and are similar in appearance to S-Type in BTY6Aa.CL 
colour, whereas the S-type textures are located along the edges of the vein, extend into the 
wall rock and consist of red, blue and rare white CL colours (Fig. 2-2C-G). The boundaries 
between S-type and H-type textures are sharp but they do not correspond to grain boundaries. 
Observations with a petrographic microscope show that the vein scheelite consists of a single 
grain with straight extinction under cross-polarised light. Disseminated scheelite in BTY6Ab 
are all S-type and are similar in appearance to S-Type in BTY6Aa.  The scheelite grains within 
the three thin sections of BTY8A are dominated by either red or blue H-type zones. The red 
H-type zones are typically associated to the edge of the grains, but blue H-type is present from 
the middle to the edges of most grains (Fig. 2-2E-G). 
 
2.5.2 Potential scheelite standard 
2.5.2.1 TIMS results 
TIMS results for 940 scheelite show that all 6 analyses on 4 fragments are statistically 
indistinguishable with a weighted mean 143Nd/144Nd of 0.512323 + 4 (εNd = -6.0 + 0.4) with an 
MSWD 1.14 (Table 2-2). The MSDW greater than 1 indicates excess scatter, which is mainly 
due to analyses of 940C and 940C-2. These two analyses have larger 2SE of 0.37 and 0.16 
epsilon units respectively compared to the other four analyses, which have 2SE between 0.07 
and 0.09 epsilon units. TIMS results for 014 scheelite are heterogenous with 143Nd/144Nd 
compositions between 0.512538 + 5 and 0.512487 + 100 (εNd = -1.8 + 0.1 to -2.8 + 1.0; Table 
2-2). The weighted average 143Nd/144Nd of all 6 analyses from 4 different fragments is 
0.512538 ± 0.05 with an MSDW of 9.1. Replicate analyses of JNdi-1 during both analytical 
sessions yielded identical weighted means of 0.512106 ± 11, which agree with the accepted 
value of 0.512115 (Jochum et al., 2005). 
2.5.2.2 Potential scheelite standard LASS-ICPMS results 
LASS-ICPMS of 940 scheelite showed that the fragments analysed in SSM2 were 
homogeneous in 143Nd/144Nd and effort was made to develop this into a Sm-Nd isotope 
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standard. In the first two analytical sessions, individual analyses of the 940 and 014 scheelite 
Nd isotope results mostly overlapped the weighted mean of the TIMS results (Fig. 2-1). During  
Table 2-2: A + B; Sm-Nd TIMS results for 940 Scheelite, 014 Scheelite and JNd-1.  εNd calculated using CHUR 
143/144Nd(0 Ma) = 0.512630 (Bouvier et al., 2008). The weighted mean of all 940 scheelite results is 0.5123228 + 38 (N = 6, MSDW: 
1.14). The weighted mean of all 014 scheelite results is 0.512526 + 14 (N = 6, MSWD 9.1). Internal 2SE reported.  
 
 
the same sessions, some variability in the isotope results was evident in the titanite and apatite 
SRMs, with individual analyses up to 5 epsilon units different from the known values. However, 
in the fifth session, during the measurement of the Barrytown samples and after improved 
instrument tuning, all titanite and apatite SRM analyses overlapped the known values with 
average internal 2SE of both SRMs of 0.14 epsilon units and the three analyses on 940 
scheelite overlapped the weighted mean of the TIMS measurements with average internal 
2SE between 0.24 and 0.48 epsilon units (Fig. 2-1). However, we subsequently found that 
additional analyses of epoxy mounted fragments of 940 scheelite (not in SSM2), completed 
A         
Sample Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 2SE 145Nd/144Nd 2SE εNd 
940A 13 78 0.1035 0.512323 0.000007 0.348406 0.000004 -5.99 
940B 21 124 0.1033 0.512318 0.000008 0.348400 0.000004 -6.10 
940C 18 98 0.1097 0.512339 0.000037 0.348432 0.000033 -5.68 
940C-2 18 98 0.1097 0.512335 0.000016 0.348398 0.000008 -5.75 
940D 19 109 0.1028 0.512321 0.000009 0.348401 0.000005 -6.03 
940D-2 19 109 0.1028 0.512326 0.000009 0.348400 0.000006 -5.94 
JNd1-1 - - - 0.512104 0.000003 0.348405 0.000002 - 
JNd1-2 - - - 0.512110 0.000004 0.348404 0.000002 - 
JNd1-3 - - - 0.512099 0.000004 0.348408 0.000003 - 
JNd1-4 - - - 0.512123 0.000008 0.348416 0.000009 - 
B         
Sample Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 2 S.E. 145Nd/144Nd 2 S.E. εNd 
014A 113 347 0.1969 0.512487 0.000100 0.348489 0.000061 -2.80 
014B 154 617 0.1514 0.512504 0.000012 0.348405 0.000008 -2.45 
014B-2 154 617 0.1513 0.512514 0.000009 0.348415 0.000006 -2.26 
014C 151 555 0.1643 0.512517 0.000008 0.348405 0.000005 -2.21 
014D 41 165 0.1489 0.512532 0.000011 0.348400 0.000007 -1.91 
014D-2 41 165 0.1489 0.512538 0.000005 0.348401 0.000003 -1.80 
JNdi-1 - - - 0.512104 0.000006 0.348405 0.000004 - 
JNdi-2 - - - 0.512110 0.000008 0.348404 0.000005 - 
JNdi-3 - - - 0.512099 0.000009 0.348408 0.000005 - 
JNdi-4 - - - 0.512123 0.000016 0.348416 0.000017 - 
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during an analytical session that is not reported in this thesis, discovered two anomalous 
fragments with Nd isotope compositions up to 30 epsilon units less radiogenic than the 
weighted mean of the TIMS results. This implies that 940 is not homogeneous, although the 
less radiogenic volume must form only a small portion of the grain. Therefore, we conclude 
that, although 940 scheelite shows promise for Sm/Nd LASS methods, it would be necessary 
to first characterise all fragments that were intended to be used as a SRM. A synthetic 
scheelite reference material has recently been developed for use, which may assist in further 
studies (Ke et al., 2020).  
 
2.5.3 Trace elements by LASS-ICPMS 
Different veins and textural types show distinctive variations in trace element and 
chondrite normalised REE patterns (Fig. 2-3, Table 2-3). All analyses except for those within 
the core of the vein in BTY6A have chondrite-normalised patterns that are similar in form to 
those described by Ghaderi et al. (1999) and (Brugger et al., 2000b), which consist of an n-
shaped curve when total REE are high, progressing towards a flat and then a u-shaped curve 
with decreasing total REE (Fig. 2-3A-D). On a (Sm/La)n vs (Gd/Lu)n diagram (Fig. 2-3E) the 
scheelite compositions generally plot along a positive linear trend that is expected for n-
shaped to u-shaped curves. Additionally, these linear trends lie to the left of the 1,1 point, 
which means that the n-u patterns are tilted in favour of light REE. The observed tilting 
resembles the light REE-enriched whole-rock pattern of the Barrytown Granite and is most 
prominent in the disseminated scheelite analyses (BTY6Ab). Exceptions to the n-u patterns 
are the analyses from the core of the scheelite vein in BTY6Aa that have a flattened “m” shape 
(Fig. 2-3A). Eu concentrations are similar for all analyses, ranging from 7 to 18 ppm, and so 
the variation in Eu anomaly is closely correlated to the total REE content. As such, n-shaped 
curves tend to have a negative Eu anomaly whereas u-shaped curves have a positive 
anomaly. The variations in the REE pattern can, in some cases, be linked to CL texture. In 
BTY6Aa, the m-shaped patterns correspond to H-type textures in the core of the vein whereas 
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the n-shaped curves are consistently found within the S-type textures along the fringes of the 
veins. In BTY6Ab, all the scheelite grains have S-type textures but they show a range of REE  
 
Figure 2-3: A to E = Chondrite normalised REE patterns for BTY6A and BTY8A with the chondrite normalised REE 
whole-rock pattern of the Barrytown Granite superimposed (black line). Dashed portions of the whole-rock pattern are inferred 
as the published dataset was not complete (Tulloch et al., 2009). REE patterns for BTY8Aa and BTY8Ab were very similar so 
the latter was omitted from this diagram. E & F = trace element variation plots of all analyses in BTY6A and BTY8A with legend 
below. The small green circle in diagram E is the whole-rock composition of the host rock. 2SE for both Mo and Sr in diagram 
F are equal to size of points. CT = cathodoluminescence texture, CL = cathodoluminescence 
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patterns from n to u shaped. Therefore, a correlation with CL texture is not clear; however, in 
the three BTY8A thin sections, it appears that red coloured H-type textures correspond to flat 
and n-shaped REE patterns whereas the blue H-Type textures correspond to flat and u-
shaped patterns. The resolution of the 193 µm laser beam diameter is insufficient to assess  
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Table 2-3: Sr, Mo, and REE concentrations in ppm for all LASS-ICPMS trace element analyses of scheelite from the Barrytown Pluton. REE: average internal 2SE = 2% and LODs less than 
0.12 %. Sr: average internal 2SE 1.4%, LODs 0.4%. Mo: average 2SE 2.8%, LODs .4%. T = rock textural type, CT = cathodoluminescence textural type (discussed in text), B = blue CL, R = red/orange 
CL, V = vein, D = disseminated, C = core, R = rim, EuA = europium anomaly calculated by: Eun / [Smn x Gdn]
0.5 with normalised values calculated from CI Chondrite of McDonough and Sun (1995). 
The mass spectrometer failed to collect trace element data for BTY6Aa-12. T = rock texture, CL = cathodoluminescence texture 






BTY6Aa - 2 V-C H 261 2.2 177 451 54 205 50 16 55 13 102 25 86 13 81 11 1337 0.45 0.61 0.92 
BTY6Aa - 5 V-C H 97 2.8 214 608 78 302 69 14 65 13 95 22 72 11 68 9 1639 0.51 0.87 0.66 
BTY6Aa - 8 V-C H 119 2.6 229 611 75 283 69 17 79 18 146 36 121 18 114 16 1832 0.48 0.63 0.71 
BTY6Aa - 11 V-C H 96 3.0 205 525 64 250 63 18 73 17 134 32 110 17 115 16 1639 0.49 0.58 0.79 
BTY6Aa - 12 V-C H - - - - - - - - - - - - - - - - - - - - 
BTY6Aa - 1 V-R S 202 1.8 40 191 39 231 68 12 66 9 52 9 20 2 10 1 750 2.69 7.89 0.55 
BTY6Aa - 4 V-R S 217 2.2 26 121 23 124 40 9 47 7 44 8 20 2 10 1 483 2.51 5.42 0.60 
BTY6Aa - 6 V-R S 194 2.6 227 678 104 538 118 7 86 10 47 8 19 2 12 2 1857 0.83 6.95 0.22 
BTY6Aa - 7 V-R S 140 2.5 185 761 134 702 190 17 142 18 93 17 41 5 32 4 2341 1.65 4.35 0.31 
BTY6Aa - 9 V-R H 178 2.6 198 537 70 301 72 13 71 13 92 21 67 10 66 9 1540 0.58 0.94 0.57 
BTY6Aa - 3 D/V-R S 101 2.8 138 689 141 850 255 16 200 24 119 20 47 5 28 3 2535 2.96 7.69 0.22 
BTY6Aa - 10 D/V-R S 97 2.9 142 708 144 879 255 15 197 24 117 20 46 5 27 3 2583 2.87 7.93 0.21 
Average   155 2.5 162 534 84 424 113 14 98 15 95 20 59 8 51 7 1685 1.46 3.99 0.52 
BTY6Ab - 1 D S 175 3.1 293 554 59 224 42 15 28 4 20 4 11 2 18 3 1276 0.23 1.09 1.31 
BTY6Ab - 2 D S 211 2.6 417 1023 126 512 90 14 57 7 34 6 15 2 11 1 2315 0.35 5.01 0.58 
BTY6Ab - 3 D S 186 3.0 275 484 48 164 28 13 18 2 13 2 7 1 9 1 1066 0.16 1.53 1.76 
BTY6Ab - 4 D S 201 2.8 254 557 67 282 53 10 35 4 21 4 9 1 7 1 1306 0.33 4.26 0.74 
BTY6Ab - 5 D S 205 2.9 233 404 40 130 22 10 13 2 9 2 4 1 5 1 874 0.15 1.94 1.75 
BTY6Ab - 6 D S 184 2.8 236 410 42 147 27 13 18 3 14 3 8 2 16 3 942 0.18 0.76 1.80 
BTY6Ab - 7 D S 215 2.8 462 1332 182 800 148 14 96 11 53 9 20 2 12 1 3142 0.51 8.00 0.36 
Average   197 2.9 310 681 81 323 58 13 38 5 23 4 11 2 11 2 1560 0.27 3.23 1.18 
BTY8Aa - 1 V H-R 87 6.1 162 331 39 154 35 16 32 6 35 7 20 3 21 3 863 0.35 1.33 1.45 
BTY8Aa - 2 V H-R 91 4.2 184 406 49 203 43 16 38 7 46 10 29 4 28 4 1066 0.37 1.22 1.24 
BTY8Aa - 3 V H-B 68 5.0 121 153 12 36 9 16 8 1 9 2 6 1 14 2 392 0.12 0.41 5.97 
BTY8Aa - 4 V H-R 98 4.4 172 547 84 432 103 13 101 17 107 22 60 7 41 5 1712 0.96 2.44 0.38 
BTY8Aa - 5 V H-B 63 5.5 136 273 32 130 30 15 28 5 33 7 21 3 23 3 740 0.35 1.00 1.61 
BTY8Aa - 6 V H-B 83 4.4 135 241 25 84 17 12 15 3 20 5 16 3 24 4 602 0.20 0.50 2.41 
Average   82 4.9 152 325 40 173 39 15 37 6 42 9 26 4 25 4 896 0.39 1.15 2.18 
BTY8Ab - 1 V H-R 102 4.6 167 365 41 151 30 15 24 4 28 6 20 3 26 4 884 0.29 0.80 1.70 
BTY8Ab - 2 V H-R 72 5.4 207 481 58 231 49 14 43 7 46 10 27 4 25 3 1203 0.38 1.70 0.90 
BTY8Ab - 3 V H-R 79 4.2 220 618 88 410 99 17 99 17 109 22 60 8 45 6 1815 0.72 2.12 0.53 
BTY8Ab - 4 V H-R 83 4.2 195 524 71 306 60 10 47 7 46 10 27 4 21 3 1329 0.49 2.14 0.56 
BTY8Ab - 5 V H-R 97 4.4 221 614 83 360 75 13 63 10 66 14 40 5 33 4 1602 0.54 1.86 0.57 
BTY8Ab - 6 V H-R 73 4.1 235 603 80 350 75 16 67 12 79 17 51 7 45 6 1645 0.51 1.38 0.69 
Average   84 4.5 207 534 70 301 65 14 57 10 62 13 37 5 32 4 1413 0.49 1.67 0.83 
BTY8Ac - 1 V H-R 190 4.2 72 207 31 156 47 7 51 9 54 11 29 4 20 2 699 1.04 2.52 0.45 
BTY8Ac - 2 V H-R 69 4.3 175 596 99 549 142 18 131 19 113 22 58 7 46 6 1982 1.30 2.70 0.41 
BTY8Ac - 3 V H-R 65 5.4 190 508 73 356 87 13 76 11 66 13 34 4 28 4 1464 0.73 2.47 0.50 
BTY8Ac - 4 V H-R 165 4.2 189 582 90 459 123 16 127 21 134 27 72 9 51 6 1907 1.04 2.49 0.40 
BTY8Ac - 5 V H-B 157 5.3 82 123 10 32 8 8 8 1 8 1 5 1 8 1 297 0.16 0.72 3.15 
BTY8Ac - 6 V H-R 71 4.4 193 470 59 244 49 12 40 7 45 10 30 5 30 4 1198 0.40 1.23 0.85 
Average   119 4.6 150 414 60 299 76 13 72 11 70 14 38 5 30 4 1258 0.78 2.02 0.96 
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the REE patterns of colour zonation in S-type textures, and so the REE patterns for those 
analyses may represent mixtures of REE compositions.  
Overall, scheelite from BTY6A has higher concentrations of Sr and total REE and lower 
Mo contents compared to BTY8A (Table 2-3). Scheelite compositions from each vein can be 
distinguished in a Sr - Mo chemical variation plot (Fig. 2-3F). BTY8Aa scheelites are clustered 
between 4 and 6 ppm Mo and 60 to 100 ppm Sr, whereas those from BTY6Aa have a much 
narrower range of Mo (2 and 3 ppm) and a much wider range of Sr (90 to 270 ppm). Within 
BTY6A, the disseminated scheelite (BTY6Ab) crystals have similar Mo concentrations to the 
vein scheelite (maybe slightly higher at about 2.9 ppm) but a tighter range in Sr concentrations, 
between 175 and 225 ppm, which is at the higher end of the Sr contents for BTY6A. Only vein 
scheelite was analysed from sample BTY8A and these crystals form a mixed cluster except 
for two outliers with high Sr values in BTY8Ac, which were analysed close to the edge of a 
scheelite grain. However, other analyses close to the edges of grains in BTY8Aa and BTY8Ab 
did not have anomalous Sr values.  
2.5.4 Sm-Nd isotopes by LASS-ICPMS 
The in-situ analyses of BTY6Aa (vein) and BTY6Ab (disseminated) show considerable 
variation in the isotopic composition within and between the two textural types. The vein 
scheelite analyses have 147Sm/144Nd between 0.131 and 0.180, which is a 27% range, and 
εNd from -9.2 to -5.9 epsilon units (Table 2-4). The disseminated scheelite analyses have 
lower 147Sm/144Nd, with a narrower range between 0.098 and 0.115, i.e. a 15% range, and the 
εNd varies from only -9.9 to -8.8 (Table 2-4).  
The Barrytown scheelite Sm-Nd isotope data enable isochrons to be calculated (Table 
2-4, Fig. 2-4). All isochrons were calculated using Isoplot v4.15 (Ludwig, 2011) and the 
compositions listed in Table 2-4 with calculations of ages and associated initial Nd (Y 
intercepts) compositions for different combinations of analyses listed in Table 2-5. Due to 
excess scatter in the model-3 ages (MSWDs between 2 and 3, see Table 2-5), we opted to 
calculate the dates and initial 143Nd/144Nd compositions using the robust regression method 
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Table 2-4: Summary of all Sm-Nd isotope LASS-ICPMS analyses of scheelite grains in BTY6A and BTY8A. *1 trace element concentrations taken from trace element LASS-
ICPMS results – see Table 2. *2Age corrected values calculated using formula: 143/144Ndi = 
143/144Ndm – 
147Sm/144Nd(eλt -1) where λ = 6.54 x10-12 y-1 (White, 2015), t = 368 Ma. *3 Calculated 
using CHUR 143/144Nd(0) = 0.512630 and 
147Sm/144Nd(0) = 0.1960 (Bouvier et al., 2008). Host rock data (in italics) taken from Tulloch et al. (2009) supplementary data. *
4 Data points, in the 
bottom set of rows, were rejected from the isochrons due to 145Nd/144Nd ratios outside of the range of 0.348415 + 0.000051. PC = pluton core, PR = pluton rim. Internal 2SE reported.  
Analysis ID T CT Sm (ppm)*1 Nd (ppm)*1 Sm/Nd*1 147Sm/144Nd 2SE x10-4 143/144Nd 2SE x10-4 143/144Ndt (368) *2 εNdt (368) *3 
BTY6Aa - 2 V-C H 50 205 0.2418 0.1437 18 0.512245 0.41 0.511899 -5.1 
BTY6Aa - 5 V-C H 69 302 0.2265 0.1343 9 0.512198 0.25 0.511874 -5.5 
BTY6Aa - 8 V-C H 69 283 0.2438 0.1496 12 0.512240 0.29 0.511880 -5.4 
BTY6Aa - 11 V-C H 63 250 0.2511 0.1523 4 0.512242 0.32 0.511875 -5.5 
BTY6Aa -12 V-C H - - - 0.1560 8 0.512227 0.34 0.511851 -7.9 
BTY6Aa - 1 V-R S 68 231 0.2935 0.1799 32 0.512329 0.36 0.511896 -5.1 
BTY6Aa - 6 V-R S 118 538 0.2191 0.1313 5 0.512157 0.15 0.511841 -6.2 
BTY6Aa - 7 V-R S 190 702 0.2709 0.1600 1 0.512256 0.17 0.511870 -5.6 
BTY6Aa - 9 V-R H 72 301 0.2396 0.1446 9 0.512180 0.39 0.511832 -6.4 
BTY6Aa - 3 D/V-R S 255 850 0.2997 0.1776 2 0.512292 0.18 0.511864 -5.7 
BTY6Aa - 10 D/V-R S 255 879 0.2900 0.1744 4 0.512276 0.14 0.511856 -5.9 
BTY6Ab - 1 D S 42 224 0.1854 0.1133 1 0.512162 0.28 0.511889 -5.2 
BTY6Ab - 2 D S 90 512 0.1762 0.1072 3 0.512130 0.20 0.511872 -5.6 
BTY6Ab - 3 D S 28 164 0.1706 0.1031 1 0.512149 0.35 0.511901 -5.0 
BTY6Ab - 4 D S 53 282 0.1876 0.1142 1 0.512144 0.24 0.511869 -5.6 
BTY6Ab - 5 D S 22 130 0.1661 0.0985 0 0.512140 0.42 0.511903 -5.0 
BTY6Ab - 6 D S 27 147 0.1849 0.1112 2 0.512179 0.35 0.511911 -4.8 
BTY6Ab - 7 D S 148 800 0.1848 0.1123 4 0.512125 0.17 0.511854 -5.9 
BTY8Aa - 1 V H-R 35 154 0.2298 0.1428 25 0.512194 0.51 0.511850 -6.0 
BTY8Aa - 4 V H-R 103 432 0.2392 0.1465 1 0.512214 0.28 0.511861 -5.8 
56 
 
BTY8Aa - 5 V H-B 30 130 0.2298 0.1434 15 0.512173 0.62 0.511827 -6.4 
BTY8Aa - 6 V H-B 17 84 0.2010 0.1183 5 0.512111 0.57 0.511826 -6.5 
BTY8Ab - 1 V H-R 30 151 0.1985 0.1146 22 0.512107 0.52 0.511831 -6.4 
BTY8Ab - 2 V H-R 49 231 0.2114 0.1293 9 0.512131 0.62 0.511819 -6.6 
BTY8Ab - 4 V H-R 60 306 0.1962 0.1193 7 0.512086 0.43 0.511798 -7.0 
BTY8Ab - 5 V H-R 75 360 0.2087 0.1228 10 0.512104 0.58 0.511808 -6.8 
BTY8Ab - 6 V H-R 75 350 0.2138 0.1298 2 0.512185 0.32 0.511872 -5.6 
BTY8Ac - 1 V H-R 47 156 0.2975 0.1719 36 0.512200 0.77 0.511786 -7.3 
BTY8Ac - 3 V H-R 87 356 0.2433 0.1458 6 0.512143 0.64 0.511792 -7.1 
BTY8Ac - 4 V H-R 123 459 0.2675 0.1617 13 0.512181 0.33 0.511791 -7.2 
BTY8Ac - 6 V H-R 49 244 0.1996 0.1208 4 0.512162 0.32 0.511871 -5.6 
GR1 (P45613) PR  8.2 41.9 0.1957 0.1185 - 0.512185 0.20 0.511899 -5.0 
GR2 (UC6762) PC  10.4 50.4 0.2063 0.1246 - 0.512147 0.05 0.511847 -6.1 
GG gwy (P40732) -  6.2 32.1 0.1931 0.1168 - 0.511892 0.20 0.511611 -10.7 
GG arg (P39122) -  6.7 34.0 0.1971 0.1185 - 0.512027 0.20 0.511741 -8.1 
Rejected data 
BTY6Aa – 4*4 - S 40 124 0.3250 0.2034 98 0.512441 0.55 0.511951 -4.0 
BTY8Aa – 2*4 - H-R 43 203 0.2107 0.1296 12 0.512162 0.50 0.511850 -6.0 
BTY8Aa – 3*4 - H-B 9 36 0.2428 0.1371 46 0.51211 1.20 0.511780 -7.4 
BTY8Ab – 3*4 - H-R 99 410 0.2407 0.1467 5 0.512179 0.50 0.511826 -6.5 
BTY8Ac – 2*4 - H-R 142 549 0.2587 0.1561 8 0.512116 0.68 0.511740 -8.2 
BTY8Ac – 5*4 - H-B 8 32 0.2663 0.1613 28 0.5122 1.50 0.511811 -6.8 
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Table 2-5: Calculated robust regression (RR) isochron ages, initial epsilon Nd (ɛNdi) values and Model 1 ages for 
analyses in the Barrytown samples using Isoplot version 4.15 (Ludwig, 2011).  Isochrons for thin sections BTY8Aa and BTY8Ac 
are not shown as they have fewer than 5 analyses each. ɛNdi calculated for 368 Ma using CHUR 
143Nd/144Nd(0) = 0.512630 and 
147Sm/144Nd(0) = 0.1960 (Bouvier et al., 2008). M1 = Model 1.  
 
 
since it makes no assumptions about the data-point scatter. If the results of the vein and 
disseminated scheelite from BTY6A are considered separately, the vein scheelite gives a date 
of 420 +110/-180 Ma but the disseminated scheelite gives a date of 39 +430/-1300 Ma (Table 
2-5). These imprecise ages are largely a result of the small range of Sm/Nd ratios of scheelite 
due to the restricted textural range and the resulting magnified effects of the heterogeneity in 
initial Nd isotope ratios being sampled. However, regressing all data for sample BTY6A yields 
a linear array with a resulting date of 307 +76/-66 Ma (Fig. 2-4A). This age overlaps with the 
U-Pb zircon pluton crystallisation age of 368.3 + 0.6 Ma (Tulloch et al., 2009). The initial 
143Nd/144Nd of the combined dataset isochron is 0.51193 + 7 (εNdi (368) = -4.4 + 0.7), which 
overlaps the whole-rock composition of the host granite of 0.51190 + 2 (εNdi (368 Ma) -5.0 + 0.2) 
(Tulloch et al., 2009).  
The results of BTY8A have a range of 147Sm/144Nd values that fall between 0.1146 and 
0.1719, i.e., a 33% range, and εNd from -8.1 to -10.6 (Fig. 2-4B). These analyses define a 
linear array on an Sm-Nd isochron diagram with a resulting robust regression isochron date 
of 281 +190/-140 Ma and an initial 143Nd/144Nd of 0.51190 + 13 (εNdi (368 Ma) = -5.0 + 1.3). This 
date is again displaced from but within uncertainty of the Barrytown Granite U-Pb zircon date 
and overlaps the date for the BTY6A isochron. The initial 143Nd/144Nd of the isochron overlaps 
the 143Nd/144Ndi (368 Ma) of the host granite, with age adjusted compositions between 0.51190 + 
2 and 0.51185 + 1 (εNdi (368 Ma) -5.0 + 0.2 and -6.1 + 0.1 respectively) (Tulloch et al., 2009). 
Sample RR age (Ma) + 95% conf 143Nd/144Ndi ɛNdi + 95% conf M1 Age + 95% conf N MSWD 
BTY6Aa 420 +110/-180 0.51181 -6.8 + 1.5 410 + 95 11 2.2 
BTY6Ab 39 +430/-1300 0.51211 -0.9 + 4.2 48 + 680 7 2.4 
BTY6A(a+b) 307 +76/-66 0.51193 -4.4 + 0.7 348 + 53 18 2.6 
BTY8Ab 733 +1000/-1400 0.51150 -12.8 + 71 932 + 520 5 1.6 
BTY8A(a+b+c) 281 +190/-140 0.51190 -5.0 + 1.3 258 + 190 13 2.3 
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The results of analyses on the Young-Davidson scheelite grain have a range of 
147Sm/144Nd values that fall between 0.30674 and 0.40295 i.e., a 24% range, and εNd from 





Figure 2-4: Robust regression isochron plots (constructed using Isoplot version 4.15) of A) BTY6A and B) BTY8A 
showing the calculated ages and initial 143/144Nd values. Red ellipses are disseminated scheelite and blue ellipse are vein 
scheelite. All internal uncertainties shown at the 95% (2σ) level. See Table 2-5 for Model 1 ages and associated MSWD. 
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Table 2-6: Summary of all Sm-Nd isotope LASS-ICPMS analyses on the epoxy mounted scheelite grain M1088 from 
the Young-Davidson Gold Mine. Internal 2SE reported. *visual outlier, *2analyses rejected from isochron due to internal 2SE 
greater than 0.8 epsilon units (0.9 x10-4), *3analyses rejected due to 145Nd/144Nd outside of the accepted range (0.348365 - 
0.348465).  
 
analyses define a linear array on an isochron plot giving a corresponding robust regression 
age of 2609 +160/-200 Ma and initial 143Nd/144Nd of 0.50919 + 0.00074 (Fig. 2-5). If the outlier 
are is included, the calculated robust regression isochron age becomes 2456 +170/-400 Ma 
and initial 143Nd/144Nd of 0.50955 + 0.00076. If all data points with internal 2SE greater than 
0.8 epsilon units are included (Fig. 2-5), the calculated robust regression age becomes 2458 
+150/-410 Ma with an initial 143Nd/144Nd 0.50953 ± 0.00073 but if two conspicuous outliers 
removed, the date becomes 2595 +47/-130 with an initial 143Nd/144Nd 0.50921 ± 0.00015. All 
these ages overlap with the period of 2.4 – 2.6 Ga that scheelite mineralisation is constrained 
to (Ayer et al., 2002; Heaman, 1997; Zhang et al., 2014). 
Analysis ID 147Sm/144Nd 2SE x104 Nd143_144 2SE x 104 
6 0.307760 15 0.514484 0.35 
8 0.356060 18 0.515366 0.34 
9 0.396020 20 0.516003 0.32 
11 0.388830 19 0.515887 0.31 
12 0.402950 20 0.516111 0.40 
14 0.379080 19 0.515643 0.28 
16 0.306740 15 0.514454 0.35 
10* 0.107230 5 0.512087 0.77 
Rejected data 
7*2 0.324600 16 0.514770 1.20 
13*2 0.387860 19 0.515880 2.00 
4*2 0.234000 12 0.513230 2.50 
15*2 0.625630 31 0.512070 1.70 
1*3 0.346160 17 0.514923 0.63 
2*3 0.394727 20 0.515740 0.51 
3*3 0.401590 20 0.515735 0.43 





2.6.1 Constraints on Sm-Nd isotope characterisation 
Overall, the reproducibility of the apatite and titanite reference material data described 
above indicate that the method is accurate to at least 0.5 epsilon unit precision for Nd isotopes 
when applied to crystals that are homogenous at that level of precision. Using titanite (TH-tnt-
1) as the primary isotope calibration standard, the LASS-ICPMS results for the 940 and 014 
scheelite are mostly statistically indistinguishable from the TIMS analyses, which indicates 
that any potential matrix-related ablation differences between scheelite and titanite are not the 
primary source of uncertainty. Instead, instrument tuning, interference corrections and 
counting statistics due to low Nd concentrations in the unknowns, together with the 
reproducibility of the SRMs are likely the primary sources of uncertainty. TIMS results for 940 
 
Figure 2-5: Isochron plot of all LA-ICPMS analyses on a single scheelite crystal from the Young-Davidson Gold 
Mine. The single outlier (red ellipse) is excluded from the isochron age calculation. Robust regression age calculation shown 
on plot. Model 1 age calculation is 2596 + 150 Ma, with initial 143Nd/144Nd = 0.50921 + 0.00037, n = 7, MSDW = 3.0. Inset 
isochron plot includes analyses with internal 2SE greater than 0.8 epsilon units and the corresponding robust regression age 
(excluding the two outliers) is 2595 +47/-130 with initial 143Nd/144Nd = 0.50921 + 0.00015. 
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scheelite are homogenous in Nd isotope compositions and this is supported by the statistically 
indistinguishable LASS-ICPMS analyses of crystal fragments analysed in SSM2. These 
anomalous fragments must represent localised and relatively small volumes of the original 
crystal – possibly scheelite intergrowths at the base of the main crystal, as they were not 
detected by the TIMS results. 
We measured the trace element compositions of scheelite with a focus on high-Nd 
portions of the crystals to enhance the sensitivity of Nd isotope measurements, as well as 
measuring a wide range of Sm/Nd to maximise the spread on an isochron diagram. For 
concentrations less than 200 ppm Nd, the 2SE internal measurement precision of isotopic 
analyses is greater than 0.4 epsilon units and were therefore avoided because of the restricted 
range in isotope ratios (Fig. 2-6). The best achievable internal measurement precision using 
our LASS protocol was 0.14 to 0.18 epsilon units for samples with over 500 ppm Nd. The Nd 
concentrations in Barrytown scheelite were generally between 200 and 600 ppm with most 
concentrations between 300 and 400 ppm (Table 2-3, 2-4). We found the current practical 
lower limit to acquiring Nd data to be ~ 100 ppm, to obtain data with ~ 1 epsilon unit precision. 
Therefore, to ensure the best results, we recommend characterising the scheelite trace 
element concentrations prior to measurement of Sm-Nd isotopes. 
Previous workers have found significant variation in REE patterns in scheelite at the 
~50-μm scale, but the optimal precision in our instrumental protocol for Nd isotopic results 
were obtained with a spot diameter of 193 μm, which limits the spatial resolution of trace 
element measurements. Even so, significant variations in the REE patterns and Sm/Nd ratios 
were observed. An examination of the isotopic results indicates that the measured isotopic 
variability reflects the time-integrated decay of the parent 147Sm isotope, with superimposed 
scatter resulting from initial isotopic variability. In other words, the variability in Sm/Nd ratios 
and, by inference, the REE patterns, likely formed during a single event of mineralisation. This 
is consistent with the REE patterns in the Barrytown data resulting from fractionation between 




Figure 2-6: Relationship between internal precision of 143Nd/144Nd measurement (2SE = 2 standard error) and Nd 
concentration for analyses within samples BTY6A and BTY8A using the experimental / instrumental parameters discussed in 
the Methods section of the text. Areas of scheelite with Nd less than 100 ppm were avoided during this study. 
 
of scheelite (Brugger et al., 2000a; Brugger et al., 2000b; Brugger et al., 2002). In fact, the full 
range of these patterns were measured within a single grain in BTY8Aa (Fig. 2-2E, 2-3C). 
However, due to the relatively young age of the Barrytown deposit and the analytical 
uncertainties, we were unable to produce an isochron when only single grains or single thin 
sections were considered. Instead, we found that incorporating a variety of grain textures to 
encompass a wider range in parent-daughter ratios provides significantly improved isochron 
ages and this approach is supported by the analytically indistinguishable initial Nd isotope 
ratios of the combined regression intercept and the host granite. This means that the spread 
in Sm-Nd due only to fractional crystallisation recorded in a single heterogeneous grain was 
not of sufficient magnitude for single-grain geochronology. On the other hand, much older 
samples may show sufficient variation in the Sm/Nd ratio, and have experienced enough time-
integrated accumulated of daughter isotope, to enable single grains to yield isochron ages, in 
the manner described for other systems (e.g., Coggon et al., 2012).  
The tilted REE patterns (compositions trending left of the 1,1 point in Figure 2-3E) in 
BTY6Ab and anomalous multiple flattened “m” shaped patterns in the vein core of BTY6Aa 
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are an indication that fractional crystallisation is not the only factor that has influenced REE 
variations. Partitioning of REE between scheelite and co-precipitating minerals has been 
considered for other deposits (Hazarika et al., 2016; Raimbault et al., 1993). In the Barrytown 
deposit scheelite occurs with tourmaline – the only major potential REE host, but 
reconnaissance laser ablation ICPMS found the REE content of several grains to be 2 orders 
of magnitude less than scheelite and therefore could not have had a significant influence on 
scheelite REE patterns. To produce the tilted patterns in scheelite with a crystallographic 
preference for middle REE, the initial REE composition of the fluid would have to be 
significantly fractionated, i.e., light REE-enriched. The particularly high La/Lu ratios in BTY6Ab 
may be a result of high rock-fluid ratios resulting in preferential leaching of the less compatible 
light REE from the host rock minerals. The origin of the m-shaped patterns is not clear, but 
they have likely arisen during the growth of a single crystal; as they occur within the same 
grain as the n-shaped patterns and have homogenous initial Nd isotope compositions (Fig 
2-2C, 2-3A). 
 
2.6.2 The potential for Sm-Nd dating of scheelite mineralisation  
The in-situ Sm-Nd isotopic data measured by LASS-ICPMS for Barrytown scheelite generate 
two positive isochron trends that are within uncertainty of geologically reasonable ages for 
scheelite mineralisation in the Barrytown Granite. However, both isochrons likely represent 
arrays characterised by significant geological uncertainties. A positive linear trend on an 
isochron diagram can represent either a true isochron where the variation in the 143Nd /144Nd 
is purely due to the radioactive decay of 147Sm to 143Nd, or the array could be generated by 
mixing between two isotopically distinct endmembers. The excess scatter in isochrons for both 
BTY6A and BTY8A, evident from the high MSWDs in model 1 calculations, suggests likely 
heterogeneity in the initial 143Nd/144Nd values. To investigate this further, the measured 
scheelite Nd isotope compositions were adjusted to the crystallisation age of the pluton at 368 




Figure 2-7: Plot of 143Nd/144Ndi (368 Ma) vs 1/[Nd] showing a potential positive linear relationship in BTY6A (A) but 
not in BTY8A (B). Blue points are vein scheelite, red points are disseminated scheelite  Host rock isotopic compositions, 
taken from Tulloch et al. (2009) are indicated with coloured lines – Barrytown granite is yellow (Gr1 + Gr2) and Greenland 
Group is green. Associated 2SE is indicated by the faded band either side of lines. GG arg = Greenland Group argillite, GG 
gwy = Greenland Group greywacke. Subjecting BTY6A to a two-tailed Student’s t-test gave a t value greater than the critical 
value at the 99% confidence level, therefore the correlation observed is likely not due to chance. 
 
Barrytown Granite whole-rock compositions and there is a positive linear correlation with 1/Nd. 
The correlation was subjected to a Student’s t-test with the null hypothesis that the 143Nd/144Nd 
composition is correlated by chance. The resulting t value is greater than the critical value at 
a 99% confidence level, so we can reject the null hypothesis that the observed correlation is 
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due to chance. One possible reason for this mixing relationship could be that mineralising 
fluids incorporated isotopic heterogeneity within the granite pluton where the total variation in 
the age-corrected Nd isotope composition of the scheelite spans the two isotopically distinct 
whole-rock compositions of the Barrytown Granite. Based on the Nd concentrations of the 
granite samples, a positive relationship would be expected. However, the difference between 
the two whole-rock compositions is approximately 0.5 epsilon units, equivalent to the analytical 
uncertainty of the scheelite analyses (internal 2SE between 0.3 and 0.6) therefore better 
measurement precision would be required to fully establish this relationship. This in-turn would 
require higher Nd concentrations to increase precision. In BTY8Aa, the analyses plot between 
the Barrytown Granite and Greenland Group whole-rock compositions but have a flat trend. 
As this sample comes from the rim of the granite pluton, the results may be recording broad 
scale (10 – 100m) mixing of Nd isotope compositions between the granite and 
metasedimentary rocks but the resulting “mixture” is effectively homogenous at hand 
specimen scales. Despite the excess scatter, the Barrytown results should represent true 
isochrons because the trend of the mixing plots are mostly flat (Fig. 2-7). This is supported by 
the overlap of the initial Nd isotope ratios of the isochrons with the host rock compositions. 
Although the large uncertainties on the isochrons mean that only “ballpark” constraints 
can be placed on the timing of Barrytown scheelite mineralisation, these calculated ages 
remain very useful. Within the region, two major events of magmatism and metamorphism 
may have resulted in fluid flow and tungsten mineralisation; the first is amphibolite-facies 
metamorphism at 370-340 Ma (Scott et al., 2011) and the intrusion of the Karamea Suite 
Granitoids, including the Barrytown Granite (Tulloch et al., 2009). The second is the 
development of metamorphic core complexes, amphibolite-facies metamorphism, and 
synchronous intrusion of Cretaceous granitoids during the Early Cretaceous at approximately 
115-110 Ma (Tulloch and Kimbrough, 1989). Scheelite mineralisation is spatially associated 
to the granite pluton and textural evidence suggests that mineralisation occurred during a 
single event as the veins have a consistent orientation, the scheelite microtextures do not 
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obviously show more than one event of crystal growth, and variations in the REE and CL 
textures occur within single grains (e.g. Fig. 2-2A, 2-2, 2-3A). Therefore, the ages of the two 
scheelite isochrons indicate that the mineralisation is Late Devonian in age. This interpretation 
is supported by initial Nd isotope ratios of the isochrons that overlap with those of the 
Barrytown Granite when age corrected to 368 Ma (the U-Pb zircon date of the Barrytown 
Granite). 
Based on the above results, using our approach we can place only broad, relatively 
imprecise constraints on the timing of scheelite mineralisation in young scheelite deposits 
using multiple grains – with age precisions achieved here of ~ 20-80%. Older samples may 
produce a larger resolvable variation in the 143Nd/144Nd and so an isochron for a single grain 
may be possible in those circumstances. This was confirmed with the analyses on the 
scheelite crystal from the Young Davison Gold Mine, which gave an isochron date of 2609 
+160/-200 Ma, i.e., an age precision of ~ 8%, and initial 143Nd/144Nd of 0.50986 + 0.00061 (Fig. 
2-5). Though still relatively imprecise, this age is consistent with field observations that show 
the scheelite-bearing veins are younger than the emplacement ages of the host rocks at >2600 
Ma (Ayer et al., 2002) and older than the Matachewan dyke sawm at 2473 +16/-9 Ma 
(Heaman, 1997; Zhang et al., 2014).  
In-situ Sm-Nd scheelite analysis can therefore provide broad age constraints on 
mineralisation when applied to young (Palaeozoic) and old (Archean) deposits. This analytical 
method would therefore make a useful rapid reconnaissance exploration tool for providing an 
initial indication of when scheelite mineralisation occurred. The method also enables 
characterisation of the initial Nd isotope composition of the mineralising fluids, which provides 
valuable clues to their source inputs. Furthermore, the technique would be useful for detrital 
scheelite because the isotope composition and/or age of those grains could be linked to 
potential source areas. With future developments in analytical resolution coupled with 
appropriate sample characterisation, the method could enable determination of different 




Simultaneous LASS-ICPMS in-situ acquisition of trace element and Sm-Nd isotopes 
from scheelite can be used to characterise the pathways of mineralising fluids and generate 
broad constraints on the age of mineralisation. The measurements conducted here have 
detected isotopic and trace element variations at the deposit- to grain-scale and, by utilising 
such variations, isochron plots were constructed with data points that have a strong textural 
control. Increased sampling resolution and strong textural control means that the baseline 
assumptions (homogenous initial Nd, no post-crystallisation alteration) for Sm-Nd dating can 
be better accounted for because analyses can target specific growth zones or areas of 
recrystallisation within grains and avoid fractures or inclusions that may skew the true 
composition. This approach makes it possible to (1) rapidly generate a reconnaissance age 
for mineral deposits in which there are no other suitable minerals, (2) potentially date multiple 
stages of well-characterised scheelite growth, and (3) determine the age and isotopic 
composition of detrital scheelite to help establish the source provenance.  
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3 Metamorphic scheelite in New Zealand 
3.1 Overview 
The Otago Schist in New Zealand hosts orogenic scheelite (W) mineralization in two 
broad deposit types: Type 1 encompasses weak, widespread shallowly emplaced scheelite 
mineralisation present through sub- to lower-greenschist facies Mesozoic metasedimentary 
rocks dispersed through the central Southern Alps and tend to be low S types. Type 2 deposits 
are hosted in large crustal discontinuities such as faults and shear zones within Mesozoic sub-
greenschist to upper-greenschist facies metasedimentary rocks and are associated with S +/- 
Au. In-situ trace element (particularly REE, Sr, Mo, Na, As) and 87Sr/86Sr compositions of 
scheelite from both types show there to be broad geochemical differences. Type 1 deposits 
are characterised by heterogenous trace element and Sr isotope compositions with variations 
that can be linked to different veins, host rock types and scheelite generations. This contrasts 
with Type 2 scheelite deposits, which tend to have fairly homogenous trace element and Sr 
isotopic ratios from the deposit to grain scale. The heterogenous compositions of Type 1 
deposits probably represent local derivation of components from the sub-millimetre to meter 
scales, resulting in a higher sensitivity of the fluids to local rock compositions. On the other 
hand, the larger Type 2 deposits reflects regional leaching of components by metamorphic 
fluids, probably at the greenschist amphibolite facies boundary, and then homogenisation of 
these fluids as they ascended long distances through the crust. 
 
3.2 Introduction 
Scheelite (CaWO4) is often associated with orogenic gold and is a useful geochemical 
tool for understanding fluid flow at these deposits. This is because scheelite can take up a 
variety of trace elements including 1000s ppm of Sr and REEs and 10s to 100s ppm Y, Nb, 
As, Na, Fe, and Mn. As a result, scheelite isotopic compositions can be used to date 
mineralization events and trace fluid pathways e.g. (Bell et al., 1989; Brugger et al., 2002; 
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Kozlik et al., 2016; Palmer et al., 2021; Scanlan et al., 2018)  (Bell et al., 1989; Brugger et al., 
2002) and broadly discriminate between magmatic, metamorphic and hydrothermal deposit 
types e.g. (Poulin et al., 2018; Sciuba et al., 2019). Advances in laser ablation inductively 
coupled mass spectroscopy have made it possible to assess the trace element and isotopic 
composition of scheelite down to the grain scale, and such studies have found fine scale 
compositional variation that may be linked to the physiochemical conditions and composition 
of the host rocks or mineralising fluids during ore deposition e.g. (Kozlik et al., 2016; Sciuba 
et al., 2019).  
This chapter presents a comprehensive data-set of in-situ Laser Ablation (LA) -
Inductively Coupled Mass Spectroscopy (ICPMS) trace element, REE and Sr isotope 
compositions of scheelite from the Otago Schist in New Zealand. This regional metamorphic 
belt hosts a combination of large orogenic scheelite deposits that have been mined historically 
and small sub-economic deposits (Christie and Brathwaite, 1996). A key feature is that some 
of the deposits appear to have been emplaced only at very shallow crustal depths, but others 
are major mid-crustal deposits. We combine new data with existing literature to show trace 
element differences between the dispersed shallow-crustal scheelite mineralisation and the 
deeper crustal shear-zone/fault-hosted mineralisation.  
3.3 Geological Setting 
The majority of scheelite in New Zealand is located within the Otago Schist and related 
rocks, which is a very thick pile of Mesozoic accretionary prism metasedimentary rocks formed 
on the Gondwana margin and now oriented roughly east-west across the South Island of New 
Zealand (Fig 3-1). Metamorphic grades of the exposed rocks range from biotite zone 
greenschist faces in the centre to pumpellyite-actinolite facies to the north and south 
(Mortimer, 2000), although the belt may extend to amphibolite and granulite facies 
assemblages at depth (Jacob et al., 2017). The Otago Schist affects three tectonostratigraphic 
terranes. These are the Caples Terrane, which consists predominately of volcaniclastic-




Figure 3-1: Map of W + Au locations, terrane extents and metamorphic grades in the Otago Schist.  
 
greywackes and argillites to the north (Mortimer, 2004), and the Aspiring Lithologic 
Association, consisting of oceanic metasedimentary rocks as a wedge between the Caples 
Terrane and Rakaia Terrane in the northwest of the belt (Mortimer, 2004; Norris and Craw, 




3.4 Orogenic scheelite deposits in the Otago Schist 
Orogenic scheelite mineralisation in the Otago Schist can be subdivided into two types 
based on mineralogical and structural characteristics. These are: 
Type 1: Includes widespread and weak tungsten enrichment along an 8 by 60 km zone 
extending from Lake Hawea to Mount Cook in sub- and lower-greenschist facies 
metasedimentary and metaigneous rocks (Cave et al., 2017; Christie and Brathwaite, 1996; 
Craw and Norris, 1991; Wood, 1983) (Fig. 3-1). Within this area, scheelite occurs as small 
nodules and streaks within swarms of narrow quartz veins and veinlets (1-3 cm wide) and as 
small, disseminated grains within the host rock matrix (Fig. 3-2F - G). The quartz veins are 
foliation-concordant and discordant, and so are thought to have occurred during or 
immediately after peak metamorphism and development of the regional foliation (Cave et al., 
2017; Craw and Norris, 1991). The scheelite-bearing veins consist predominately of quartz 
and calcite + some to minor epidote, and trace stilpnomelane and pyrite. No arsenopyrite is 
known in these veins.  
Type 2: Is scheelite + Au-mineralisation that occurs within relatively large structures 
and include deposits such as Hyde-Macraes Shear Zone (HMSZ), Glenorchy, Paradise, Alta 
Lode – Bendigo Gold Field, Barewood and Waipori. These can be subdivided into shear-zone 
hosted such as the Hyde-Macraes Shear Zone (HMSZ) or quartz-vein hosted such as 
Glenorchy, Paradise, Alta Lode, Barewood and Waipori (MacKenzie and Craw, 1993; 
MacKenzie and Craw, 2007; MacKenzie et al., 2017; Robinson, 2018; Scanlan et al., 2018) 
(Fig. 3-1). In both cases, scheelite mineralisation is concentrated into structurally weak 
portions of the Otago Schist with current or historically economic reserves of W and/or Au ore. 
Scheelite mineralisation is present mainly within quartz veins or silicified breccias with 
associated calcite, pyrite and arsenopyrite (Fig. 3-2A - E). The Macraes and Glenorchy 





Figure 3-2: A-C: hand specimens from Macraes. A: Large cm-scale scheelite masses and small isolated grains 
within white quartz in sample GP1. B: Fine disseminated scheelite in schist within sample GP3. C: A laminated scheelite, 
quartz and carbonate vein in sample GP4. D + E: samples from Glenorchy. D: Hand sample BNJ4 of scheelite in a white 
quartz and carbonate vein under UV light. E: Cathodoluminescence image of a segment of this sample. The scheelite (blue 
colour) is crosscut by fractures filled with calcite (red colour). F – I: samples from Boanerges Peak. F: Hand specimen of 
BNG1Aa showing a scheelite-bearing quartz carbonate vein within greywacke. Scheelite is present as streaks of fine grains. 
G & H: BNG3Aa, showing isolated blebs of scheelite within vuggy quartz that cross-cuts the micaceous foliation at a high 
angle. I: BNG6Aa showing bands of scheelite within a greywacke host cross-cut by zones of finer grained quartz and scheelite. 
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smaller deposits at Barewood, Alta Lode, and Waipori may have formed slightly later at ~105 
Ma during regional extension (Craw and Norris, 1991; MacKenzie and Craw, 1993; Mortensen 
et al., 2010; Paterson, 1986; Scanlan et al., 2018).  
To investigate how these two mineralisation regimes influence scheelite REE and Sr 
isotope compositions, I present in-situ LA-ICPMS data for scheelite samples from Boanerges 
Peak, representing Type 1 deposits, and data for scheelite samples from Macraes, Glenorchy, 
Alta Lode and Barewood, which represent the variety of geological settings of Type 2 deposits.  
 
3.5 Analytical Methods 
3.5.1 Sample Characterisation 
Samples from Boanerges Peak (BNG) in the central Southern Alps, Golden Point 
(MAC) at Macraes, Bonnie Jean (BNJ) at Glenorchy and Alta Lode (AL) in Central Otago were 
selected for trace element and isotopic investigations. They were first imaged under a 
polarising light microscope to identify scheelite microtextures followed by 
cathodoluminescence (CL) using a Technosyn 8200 Mk11 cold cathode luminescence system 
attached to an Olympus BX41 petrographic microscope at the University of Otago, Geology 
Department. Electron beam operating conditions of 17-20 kV and 620 µA were maintained 
during imaging. Qualitative major element analyses for all samples were carried out on a Zeiss 
Sigma Scanning Electron Microscope (SEM) using electron dispersive spectroscopy (EDS). 
Operating conditions were an EHT of 15 kV, aperture of 120 µm and working distance of 8.5 
mm. The electron beam was regularly calibrated using a cobalt standard and minerals 
standardized against pure tungsten and anorthite. Data were collected and reduced using the 





3.5.2.1 3.2.2 Trace elements 
Trace element analysis was conducted in two phases: the first phase involved 
analysing multiple points in each sample to get an overview of inter-grain variations, whereas 
the second phase involved spot-line analyses to better assess intra-grain variations.  
Phase one analyses were carried out over two sessions. During the first session, 
analyses of samples were undertaken at the Centre for Trace Element Analysis at the 
University of Otago. Analyses were carried out on an Agilent 7500 cs/ce Quadrupole ICP-MS 
fitted with a Resonetics RESOlution Coherent CompexPro 102 193 nm ArF excimer laser and 
Laurin Technic M50 sample cell. Spot analyses were performed using 75 μm beam diameter 
with a laser fluence of 2.5 J/cm2 and a 10 Hz repetition rate. Analysis times consisted of 25 
seconds ablation and 40 seconds sample washout. The carrier gas consisted of 1000 ml/min 
Ar, 300 ml/min He and 2.5 ml/min N2. NIST SRM 610 and 612 standard glasses were run 
twice following every 15-20 measurements and sample changes. Data reduction was done 
using Iolite v. 6.2 (Paton et al., 2011). NIST SRM 612 glass was used for standardization. Ca 
wt% of scheelite and calcite measured from SEM-EDS (Scanning Electron Microscope – 
Electron Dispersive Spectroscopy) was used during data reduction to account for differences 
in the matrix ablation of the mineral compared to the glass standards. The results were filtered 
to remove results with internal 2SE greater than 40% of the corresponding concentration 
value. Any remaining obvious outliers, possibly representing drill-throughs or inclusions, were 
manually removed from the dataset. The second session of trace element analyses were 
undertaken at the Arctic Resources Laboratory at the University of Alberta. The scheelite 
samples were ablated using a 193 μm Resolution Excimer ArF laser equipped with a Laurin-
technic S-155 two-volume ablation cell coupled to a Thermo Element XR2 ICP-MS. Analyses 
were performed using a 50 μm beam diameter with an on-sample laser fluence of 2.5 J/cm2 
and a repetition rate of 5 Hz. Analysis time consisted of 60 seconds of background followed 
by 23 seconds of ablation and 45 seconds of sample washout. The carrier gas was a mixture 
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of ~1.6 L/min Ar and 1 ml/min N2, which entered tangentially from the top of the S-155 ablation 
cell funnel and ~350 ml/min He entering from the side of the cell. This yielded a pressure in 
the ablation cell of ~6.0 KPa. The ablated sample aerosol, He, N2 and Ar mixture was sent to 
a Thermo Element-XR 2 mass spectrometer. Data reduction was carried out offline using Iolite 
v3.32 software within Igor Pro 6.37 (Paton et al., 2011). Calibration was performed using NIST 
SRM 612 in conjunction with internal standardization using isotope 43Ca. The results of the 
measurements of secondary standards (e.g., NIST614) agree with the reference values within 
relative uncertainties of typical 5–10% or better at the 95% confidence level. Intra-grain 
variations and the relationship between scheelite CL textures and trace element compositions 
were determined via LA-ICPMS spot-lines at the GFZ in Potsdam.  
 
3.5.2.2 Sr isotopes 
In-situ scheelite LA-ICPMS Sr isotope analyses were compiled from Macraes (Farmer, 
2015), Glenorchy (Scanlan et al., 2018), Barewood (Scanlan et al., 2018) and Alta Lode 
(Scanlan et al., 2018; Wilson, 2017) (Wilson, 2017). To supplement these, two sessions of in-
situ LA-ICPMS Sr isotope analysis was carried out at the Centre for Trace Element Analysis 
at the University of Otago. During the first session, analyses were only carried out on samples 
from Boanerges Peak with a focus on characterising isotopic variations within and between 
samples. During session two, additional isotopic analyses were carried out on samples from 
Boanerges Peak, Golden Point, Bonnie Jean, and Alta Lode.  
During all sessions, analyses were undertaken using a Resonetics RESOlution 
Coherent CompexPro 102 193 nm ArF excimer laser and Laurin Technic M50 sample cell 
coupled to a Nu Plasma-HR MC-ICP-MS at the University of Otago. Analysis lines were pre-
ablated to remove surface contamination and were followed by a 15 second blank. Sample 
ablation along lines were carried out using a 23 to 93 μm beam diameter and movement rate 
of 5 – 10 μm/s. Ablation times were 15 to 50 seconds depending on the length of the lines. 
The beam diameter was varied to maintain a signal strength on mass 88 of between 3 and 10 
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V. An off-peak gas blank was completed every 20 – 30 mins. Regular measurements of the 
Tridacna (sea clam) carbonate SRM were made along with the volcanic glasses BIR, BCR 
and BHVO. During analyses, direct interenfeces of Kr on m/z 84?(CHECK) and Rb on m/z 87 
were corrected via peak stripping during background acquisition for Kr and m/z 85 during 
ablation for Rb. Doubly charged REE (REE++) were monitored during ablation on m/z 83.5 
(Er++) and 85.5 (Yb++) 
Data reduction was completed using an in-house excel data reduction spreadsheet. 
Details of the data reduction including interference corrections and determination of mass-bias 
factors are summarized in Scanlan et al. (2018).  
3.5.3 Whole Rock Analyses 
Eight whole-rock samples from Boanerges Peak were analysed for trace elements and 
Sr isotope analyses. Whole-rock powders of three argillite, three greywacke, a green argillite 
and a metavolcanic sample were split into thirds. One third was sent to the Brisbane lab of 
ALS in Australia for trace element analysis the second third was sent to the University of Cape 
Town for Sr isotope analysis. The Sr and REE concentrations were measured using method 
ME-MS81 that involves a lithium borate fusion followed by acid digestion and analysis via 
ICPMS. Limits of detection were less than 0.1 ppm. Whole-rock Sr isotope compositions were 
measured in the Department of Geological Sciences at the University of Cape Town, South 
Africa following the same sample preparation and data acquisition procedures outlined in 
Scanlan et al. (2018).  
Additionally, relevant whole rock analyses of Otago Schist samples have been 
compiled from the literature and include pelitic, psammitic and mineralised samples from 
Macraes (Farmer, 2015), Rakaia Terrane greyschist from Alta Lode (Wilson, 2017), Caples 
Terrane greenschist pelitic schist and psammitic schist from Glenorchy (Scanlan et al., 2018) 
and Aspiring Terrane greyschist from the Shotover Valley located approximately 30 km east 
of the Glenorchy scheelite deposit (Wellnitz et al., 2019). No published whole-rock analyses 




3.6.1 Deposit summaries and sample selection 
3.6.1.1 Boanerges Peak 
Scheelite at Boanerges Peak in the central Southern Alps (Fig. 3-1) is present in a 500 
by 100 metre zone of sparse vein swarms, stocks and veinlets hosted within pumpellyite-
actinolite faces greywackes and argillites. The scheelite-bearing veins vary from foliation 
discordant to concordant and range in thickness from 5 to 30 mm (Fig. 3-2F - I). Mineral 
compositions of the veins are highly variable but consists primarily of quartz and or calcite with 
some epidote and trace pyrite <<1%. Six samples were selected for study. Two argillite-hosted 
scheelite-bearing quartz veins BNG3Aa and BNG4Aa and four greywacke-hosted scheelite-
bearing quartz + calcite and epidote veins BNG1Aa, BNG1Ba, BNG5Aa and BNG6Aa. 
Scheelite in the argillite-hosted sample BNG3Aa crosscuts the regional foliation, near to 
perpendicular, whereas BNG4Aa is parallel to the regional foliation. The greywacke-hosted 
samples were collected from boulders in scree near the top of the mountain range and all 
samples crosscut the weak foliation in the attached host greywacke. 
 
3.6.1.2 Barewood 
In the Barewood region, W and Au mineralisation is found within a series of NW-striking 
normal faults that extend for ~ 20 km (MacKenzie and Craw, 1993). Two stages of 
mineralisation occurred, both as quartz veins with scheelite, gold and sulphides. The earlier 
quartz veins are composed of massive anhedral white quartz while later veins contain 
translucent subhedral to euhedral quartz (MacKenzie and Craw, 1993). Wall rock alteration is 
minor and difficult to separate from weathering (Craw and MacKenzie, 1992). Arsenopyrite is 
the dominant sulfide with minor pyrite, chalcopyrite, galena and sphalerite found as 
intergrowths within arsenopyrite (MacKenzie and Craw, 1993). Three scheelite-bearing quartz 
vein samples were analysed. Two polished sections contained small disseminated scheelite 
grains (< 5 mm) in quartz veins that contain arsenopyrite, stylolitic traces and host rock 
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inclusions. A large scheelite grain (~10 mm) was extracted from a quartz vein and mounted in 
epoxy for analysis. 
 
3.6.1.3 Hyde-Macraes Shear Zone 
The Hyde-Macraes Shear Zone is a large NW-striking fault zone exposed for ~30 km 
(Allibone et al., 2017; Teagle et al., 1990) and is the site of New Zealand’s only active orogenic 
gold mine (Macraes). Although the Au is currently targeted, W was historically mined (Christie 
and Brathwaite, 1996). W-Au mineralisation mainly occurs within the Intrashear Schist, which 
is a package of deformed quartzofeldspathic schist bounded by the unmineralised Footwall 
Fault at the base and the Hanging Wall Shear at the top (Craw et al., 1999). Within the 
Intrashear Schist, gold mineralisation occurs within the sheared graphitic schist whereas 
tungsten occurs within dilatational jogs in silicified schist (MacKenzie et al., 2017). 40Ar/39Ar 
analysis of mica extracted from drill core sample from the Golden Point area has a plateau 
age of 135.1 ± 0.7 Ma (Mortensen et al., 2010).  
For this study, trace element data were taken from Pickering (2018) and Sr isotope 
data from Farmer (2015), which includes samples from pelitic, psammitic, mineralised and 
unmineralized schist-hosted scheelite. One sample collected by Pickering (2018), OU85906, 
consists of a relatively large (cm scale) scheelite grain that was used for a detailed 
investigation in this study. 
 
3.6.1.4 Glenorchy 
The Glenorchy area has scheelite-bearing quartz veins filling normal fault zones 
distributed over an area of ~60 km2 (Paterson, 1982). The veins cut perpendicular to regional 
foliation that has been folded into a synform. For the present study, we utilise samples 
collected and analysed by Scanlan et al. (2018) from the historic Bonnie Jean lode (BNJ1A to 
BNJ6B) in Bonnie Jean Creek and Glenorchy lode on Judah Peak (JP2, JP3 and OU31947). 
79 
 
Three of the 8 scheelite-bearing samples from Bonnie Jean contain patches and stringers of 
scheelite embedded in white quartz (BNJ1, BNJ5, BNJ6). Sample BNJ2 contains stringers of 
scheelite that are variably replaced by calcite within a white quartz vein. Sample BNJ4 has 
large inclusions of scheelite within a vein of carbonate and white quartz (Fig. 3-2D). The 
carbonate is a late-stage phase that replaces and fills fractures within scheelite or occurs as 
large tabular grains in this sample (Fig. 3-2). Scheelite grains in the BNJ samples vary from 1 
mm to 10 mm in width, with disseminated scheelite <1 mm present. Two samples from the 
Glenorchy lode, JP2 and OU31947, have scheelite grains that are closely associated with 
fragments of wall rock within the vein.  
 
3.6.2 Scheelite microtextures and CL appearance 
3.6.2.1 Type 1: Boanerges Peak 
At Boanerges Peak, scheelite can be present within individual veins in a variety of 
textures. The best example of this is BNG1Ba, which is a greywacke-hosted banded quartz-
calcite-epidote vein. The majority of the scheelite is present within the main vein, which 
consists predominantly of a finer grained mixture of calcite and quartz (Fig. 3-3A). Parallel to 
the main vein are thin quartz stringers with finer grained scheelite along the margins and trace 
stilpnomelane in the centre (Fig. 3-3Aa). Scheelite is also present within veinlets that crosscut 
perpendicular to the main vein and may contain calcite with scheelite (Fig. 3-3Ab) or euhedral 
scheelite grains in open cavities (Fig. 3-3Ac). Other samples are simpler such as BNG6Aa, 




euhedral scheelite with quartz in the vein centre (Fig. 3-3B). The CL textures in all samples 
from Boanerges Peak had homogenous blue CL colour (e.g., Fig. 3-4). Defects in the crystal 
lattice such as fractures are clearly visible and, in some cases, separate grains have subtle 
differences in the intensity of the blue CL colour, but no primary intra-grain textures were 
apparent. 
 
Figure 3-3: Thin section scans (transmitted, non-polarised light) of BNG1Ba (A) and BNG6Aa (B) showing the 
variety of scheelite microtextures. A: Vein matrix is predominantly quartz and calcite in the top half of image and fine grained 
(~1 μm) epidote. Relatively large grains of scheelite exist within quartz-calcite matrix, which is cut by quartz, scheelite and 
stilpnomelane veinlets that run parallel to the main vein orientation (inset photomicrograph - Aa). Filled veinlets and open 
fractures cut across the main vein orientation and may contain scheelite such as inset photomicrograph Ab showing scheelite 
within a quartz + calcite filled veinlet cutting through the epidote + quartz matrix, or Ac showing prismatic scheelite pointing 
into an open fracture. B: Scheelite on the vein margins are continuous strips/bands whereas scheelite in the centre of the vein 
is finer grained and occurs with quartz. Red or white dashed lines indicate veinlet edges, sch = scheelite, cal = calcite, epd = 




3.6.2.2 Type 2: Macraes, Glenorchy & Alta Lode 
Samples from Macraes (OU85906), Glenorchy (BNJ4) and Alta Lode (AL1) were 
investigated in detail to characterize the relationships between CL response, REE patterns 
and Sr isotope compositions. Across all three samples, plain blue and orange CL colour zones 
are ubiquitous within scheelite (Fig. 3-4A-C). Both colour zones have sharp boundaries with 
each other and define euhedral crystal shapes indicating that they represent primary growth 
zones. The Macraes sample shows clear oscillatory zoning between orange and blue; 
however, this is not seen in the Glenorchy or Alta Lode samples (Fig. 3-4). At Glenorchy and 
 
Figure 3-4: Cathodoluminescence images of scheelite from Macraes (A), Glenorchy (B) Alta Lode - Bendigo Gold 
Field (C) and Boanerges Peak (D). Thin white lines mark the sharp boundaries between different CL zones and define euhedral 
crystal shapes in A, B and C. Note the clear oscillatory zoning between the orange and blue zones in the Macraes sample 
(A). O = orange CL, B = blue Cl and R = reddish-blue CL. Calcite has a strong red CL response and is present within fractures 
in A, along the bottom of B and dispersed within the field of view of D. 
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Alta Lode, the orange zones are wider and take up more area in the 2D section of the grains 
compared to Macraes (approximately 20 – 40 % orange at Glenorchy and Alta Lode vs 5 – 10 
% at Macraes).  
3.6.3 LA-ICPMS Trace Elements  
3.6.3.1 Overview 
Comparison of scheelite trace element and REE compositions between the Type 1 
and Type 2 scheelite deposits reveal broad distinctions between the two mineralisation types.  
A striking difference is the range of REE compositions. Type 1 deposits have high amounts of 
heavy REE (Gd – Lu) compared to light REE (La – Sm) and considerable variation within and 
between samples (Fig. 3-5C). The range of REE compositions are unique to each deposit and 
veins that make up the deposits. For example, all analyses from Lake Hawea form a cluster 
at the bottom of the Smn/Lan vs Gdn/Lun plot, whereas analyses from Boanerges Peak form a 
much wider cluster above this that overlap with the limited range of compositions at Fiddlers 
Flat. Additionally, each sample within Boanerges Peak represents a different scheelite-bearing 
vein and, although there is some variation in REE compositions within the veins, the range of 
compositions for each vein follows a different trend on the Smn/Lan vs Gdn/Lun plot (e.g., 
BNG5Aa vs BNG6Aa, Fig. 3-5C). On the other hand, Type 2 deposits have a range of n- to 
u-shaped REE patterns that are present from the regional to hand-specimen scales and at the 
grain-scale these patterns can be linked to primary growth textures in individual grains. 
Additionally, the concentrations of ∑REE (sum of the absolute concentrations of REE from La 
to Lu), Sr and Mo are distinctive between the two deposit types with Type 1 deposits having 
lower amounts of REE and Sr and slightly higher maximum amounts of Mo compared to Type 




3.6.3.2 Relationship between REE compositions and Microtextures 
3.6.3.2.1 Type 1: Boanerges Peak 
Despite the homogenous blue CL textures, scheelite from Type 1 deposits have 
variable REE compositions that may be linked to different scheelite generations or adjacent  
 
Figure 3-5: LA-ICPMS trace element compositions of Type 1 and Type 2 scheelite deposits in Otago and the 
Southern Alps. A + B: selected REE patterns for Type 1 (A) and Type 2 (B) deposits, the range of whole-rock host rock 
compositions for 37 Otago Schist samples from different Terranes, lithologies and metamorphic grades are indicated with the 




minerology. For example, in BNG1Ba (Fig. 3-6A, B) the compositions of large scheelite grains 
in the main vein have similar chondrite normalised REE patterns, characterised by similar La 
values and low Tb and Lu values but variable amounts of medium REE (Nd, Sm, Gd), whereas 
a later generation of scheelite in a carbonate veinlet that cross cuts an epidote-rich band has 
much higher Tb and Lu values with REE patterns that are like the adjacent epidote 
compositions (Fig. 3-6B).  
 
3.6.3.2.2 Type 2: Macraes, Alta Lode & Glenorchy 
LA-ICPMS spot-lines that traverse the CL colour zones show that the blue CL 
consistently corresponds to flat and u-shaped curves whereas the orange zones consistently 
correspond to n-shaped curves (Fig. 3-6C-F). The colour zones are apparently only correlated 
with REE content – variations in Sr, Mo, Nb were investigated but showed no correlation with 
CL colour. The observed range of patterns are broadly similar between the Type 2 deposits 
(e.g., Fig. 3-5D) even though they are spatially and temporally separated and hosted within 
different geological settings. For example, the REE patterns of the Macraes and Alta Lode 
samples have similar overall shapes (Fig. 3-6D + F), but the Alta Lode analyses have positive 
Eu anomalies whereas Macraes analyses have slight to no Eu anomalies. Glenorchy samples 
also have similar shapes to Macraes and Alta Lode but have overall slightly less heavy REE 
(Fig. 3-5B+D). 
The Macraes and Alta Lode samples also have a reddish-blue CL colour that 
corresponds to intermediate REE patterns between the n- and u-shaped curves (Fig. 3-6). In 
the Macraes sample, the reddish blue zones have sharp boundaries with the blue and orange 
zones, and they define euhedral crystal shapes, so are also considered to represent primary 
scheelite growth. On the other hand, in the Alta Lode sample, the boundaries are gradational 
compositions compared to the narrow trend of the Type 2 deposits. The range of compositions for BNG6Aa and BNG5Aa 
have been outlined to emphasise that scheelite from different veins have different ranges of compositions at Boanerges Peak. 
E + F: chemical variation plots of ∑REE vs Sr or Mo concentrations. Type 1 deposits have lower ∑REE and Sr but higher Mo 
compared to Type 2 deposits. 
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between blue and orange in some areas and sharp in others (Fig. 3-4C). Where the 
boundaries are sharp, they define euhedral crystal shapes in some places but in others they 
are wobbly and cross-cut the orange and blue zones. 
 
Figure 3-6: Relationships between chondrite normalised REE compositions and scheelite microtextures in samples 
from Type 1 (A + B) and Type 2 deposits (C – F). A: photomicrograph in polarised light of a portion of sample BNG1Ba (note 
that the CL colour of all grains in A is a homogenous blue, as shown in Figure 3-4D). B: REE compositions of scheelite from 
Boanerges Peak vary according to host microtextures, e.g., compositions of scheelite in BNG1Ba have small intra-grain 
variations within the large grains but are clearly different to the younger generation of scheelite in the cross-cutting veinlet Ae 
+ Af.). C + E: CL images of selected grains from OU85906 (Golden Point, Macraes) and AL1 (Alta Lode) respectively. D + F: 




3.6.4 LA-ICPMS Sr isotopes 
3.6.4.1 Type 1: Boanerges Peak 
57 in-situ Sr isotope analyses across 6 samples (BNG1Ba, BNG3Aa, BNG4Aa and 
BNG6Aa) from Boanerges Peak define a range of 87Sr/86Sr ratios from 0.7078 to 0.7096 with 
average internal uncertainties (2SE) of about 0.01 %. Although a wide range of compositions 
are observed, individual analyses from all samples tend to fall into three groups with few 
isolated analyses between the groups. This can be visualised with a kernel density estimate 
(Vermeesch, 2012) across the entire population, which has three peaks at 87Sr/86Sr = 0.7080, 
0.7091 and 0.7095 (Fig. 3-7A). Greywacke-hosted veins (BNG1Aa, BNG1Ba, BNG5Aa and 
BNG6Aa) have less radiogenic Sr isotope compositions compared to argillite-hosted veins 
(BNG3Aa and BNG4Aa), although there is considerable overlap between scheelite 
compositions in BNG4Aa and BNG6Aa (Fig. 3-7A). Also, Sr isotope compositions may be 
linked to different generations of scheelite, and this can be seen in BNG1Ba (Fig. 3-8A, B) 
where the scheelite in the crosscutting veinlet is more radiogenic than the large scheelite 
grains in the main vein.   
Whole rock Rb-Sr isotopic compositions of 3 greywacke and 3 argillite samples 
collected from Boanerges Peak were determined to provide a comparison with the in-situ 
analyses (Appendix Table C-7). The 87Sr/86Sr values fall between 0.715370 + 0.000011 and 
0.709386 + 0.000014 and the Rb/Sr ratios between 0.180 and 0.912. The three argillite 
samples have the highest 87Sr/86Sr compositions from 0.712118 to 0.715370, whereas the 
greywacke samples have less radiogenic compositions from 0.709386 to 0.709576. The 
results do not plot as a statistically significant linear trend on an isochron plot but as these 
rocks contain a significant amount of Rb, it is necessary to age-correct the compositions to 
what they would have been during scheelite mineralisation. This is problematic for scheelite 
from Boanerges Peak as the age of mineralisation is poorly constrained therefore the ranges 
of age-corrected compositions are estimated on Fig. 3-7A for 180, 165 and 135 Ma. The 
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whole-rock compositions broadly converge at 185 + 10 Ma (Fig. 3-7A) when age-corrected 
into the past but the combined range  
  
 
Figure 3-7: Overview of Sr isotope compositions for scheelite from Boanerges Peak (A) and a few Type 2 deposits 
(B). A: Individual analyses for selected samples showing the wide range of scheelite Sr isotope compositions within the 
deposit. The most radiogenic compositions were from argillite-hosted scheelite. The range of whole-rock compositions of 
argillite and greywacke samples are indicated by the horizontal brown (argillite) and grey (greywacke) lines for different age 
corrections (shown on the y-axis).  B: Kernel density estimates of all analyses from Glenorchy, Macraes, Alta Lode, and 
Barewood.  Labelled peaks indicate samples that constitute that population. Glenorchy scheelite have 3 population peaks that 
overlap with the Caples Terrane age-corrected whole-rock compositions (OU31947) or fall between the Caples and Aspiring 
Terrane whole-rock compositions. Macraes has two isotope population peaks but most analyses fall into the least radiogenic 
peak and all analyses overlap the range of age-corrected whole rock compositions of the mineralised schist (red horizontal 
line labelled “mrlsd”) and unmineralised psammitic and pelitic schists (red horizontal lines labelled “psa” and “pel” respectively). 
Barewood, and Alta Lode have single Sr isotope populations and Alta Lode overlaps the range of age-corrected host rock 
compositions (horizontal green line). No host whole-rock Sr isotope analyses were available for Barewood. S = number of 
samples, N = number of analyses, KDE = kernel density estimate, * Individual analyses of BNG5Aa and BNG1Aa excluded 




of compositions only partially overlap with the least radiogenic population of scheelite. From 
165 Ma to 135 Ma the argillite samples are distinctly more radiogenic than greywacke samples 
but again, at any point in time, the combined range of host rock compositions only overlap 
with a portion of the scheelite compositions (Fig. 3-7A). 
 
Figure 3-8:  Comparison of scheelite microtextures with Sr isotope compositions as determined by LA-ICPMS. A: 
photomicrograph in polarised light of a portion of sample BNG1Ba. C + E are cathodoluminescence images of selected grains 
from OU85906 (Golden Point, Macraes), and AL1 (Alta Lode). B, D + E: Sr isotope plots showing analyses from selected 
samples with associated 2SE internal error bars, coloured boxes indicate the corresponding CL colour for each analysis. 
Kernel density estimates for all analyses from multiple samples from each deposit are also plotted. 
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3.6.4.2 Type 2: Macraes, Glenorchy & Alta Lode 
A total of 136 in-situ Sr isotope analyses from the scheelite deposits at Glenorchy, 
Macares, Alta Lode and Barewood have been assessed via kernel density estimation 
(Vermeesch, 2012) to define Sr isotope populations of the deposits (Farmer, 2015; Scanlan 
et al., 2018; Wlison, 2017). Overall, these deposits have more homogenous sets of scheelite 
Sr isotope compositions (Fig. 3-7B). 
Scheelite compositions at Glenorchy fall into 3 different population peaks. The least 
radiogenic peak is at 0.7049, the next is at 0.7055 and the most radiogenic is at 0.7070 (Fig. 
3-7B). All samples analysed are hosted within the Caples Terrane metasedimentary rocks but 
only the least radiogenic peak overlaps with the whole rock composition of the Caples Terrane 
host rock when age corrected to 135 Ma. This peak is made up entirely of analyses from 
OU31947. The peak at 0.7055 is made up entirely of analyses from sample JP2 and the 
remaining samples make up the most radiogenic peak at 0.7070. As was pointed out by 
Scanlan et al. (2018), both of these population peaks are more radiogenic than the host Caples 
Terrane but less radiogenic than the Aspiring Terrane that locally underlies the Caples Terrane 
rocks. 
The Macraes data define 2 peaks at 0.7072 and 0.7078 with all values ranging 
between 0.7067 and 0.7079 (Fig. 3-7B). These results represent scheelite compositions from 
the Intrashear Schist at the Round Hill and Frasers Underground lodes. Farmer (2015) 
reported whole-rock Sr isotope compositions of the unmineralized and mineralised Otago 
Schist at from the Hyde Macraes Shear Zone (Fig. 3-7). When age corrected to 135 Ma 
(Mortensen et al., 2010), unmineralized pelitic lithologies are more radiogenic than 
unmineralized psammitic lithologies; however, the mineralised schist compositions span the 
range of unmineralized schist. The two population peaks defined by the scheelite analyses fall 
within the range of mineralised, unmineralized pelitic and unmineralised psammitic schist 
compositions when age corrected to 135 Ma (Fig. 3-7B).  
90 
 
Alta Lode and Barewood have single Sr populations with relatively radiogenic peak 
values. The pooled results of 6 different samples from Alta Lode have a population peak at 
0.7087 with a range of values between 0.7077 and 0.7086. Three samples from Barewood 
have a pooled population peak at 0.7087 and a narrower range of values between 0.7085 and 
0.7089. In both cases, unlike Boanerges Peak, each sample suite define a single Sr isotope 
population for each deposit. 
3.7 Discussion 
3.7.1 Controls on CL response 
The CL patterns of scheelite from Type 2 deposits show growth zonation textures that 
are associated to variations in the REE patterns (Fig. 3-6C – F). Cathodoluminescence is the 
emission of photons, between infrared and ultraviolet wavelengths, from a material surface 
that is bombarded with high energy electrons. It is influenced by defects in the crystal structure 
and is therefore sensitive to trace element compositions. An observed CL spectra is the net 
result of effects from activators (which include REE) and quenchers (Blanc et al., 2000; 
MacRae et al., 2009; Poulin et al., 2016). Various mechanisms are attributed to the CL 
response in scheelite and include the self-activated emission band (SB) of the WO4-2 
tetrahedral complex, spectral peaks associated to f-block electrons due to the presence of 
REE, and emission-reabsorption also due to the presence of certain REE (Poulin et al., 2016). 
Scheelite grains investigated in detail from Alta Lode (AL1) and Macraes (OU85906) 
have a blue CL response that corresponds to relatively low REE concentrations with u-shaped 
or flat REE patterns whereas the coloured CL zones have higher REE concentrations and flat 
to n-shaped REE patterns (Fig. 3-6C - D). Concentrations of other trace elements do not have 
a clear link to the CL response, so it appears that the coloured CL zonation (e.g., orange and 
reddish blue zones) is highlighting areas of the crystals with elevated REE content. This makes 
sense because the SB is responsible for the blue CL colour (Poulin et al., 2016), so when REE 
concentrations are low, the SB should dominate the net CL response. This also explains the 
homogenous appearance of the Boanerges (BNG1A to BNG6A) scheelite as they have low 
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REE concentrations compared to AL1 or OU85906 scheelite (1-100 ppm for Boanerges 
samples vs 10 – 2000 ppm for M-G samples). 
3.7.2 Controls on REE compositions 
Type 1 deposits tend to have heavy REE enriched chondrite normalised patterns that 
are heterogenous from the regional to hand specimen scales whereas the Type 2 deposits all 
have a range of n- to u-shaped patterns that are homogenous from the regional to hand 
specimen scales and can be linked to primary growth textures within single grains. These key 
differences likely reflect differing mechanisms of REE fractionation, scales of REE mobility 
and the style of mineralisation in the two deposit types.  
The metals and fluids in scheelite + Au deposits of the Otago Schist are thought to 
mostly be derived from recrystallisation of detrital or metamorphic minerals within the 
metasedimentary rocks (Cave et al., 2017; Craw and Norris, 1991; Large et al., 2012; Pitcairn 
et al., 2006). This means that REE in the mineralised veins should be sourced from REE-
bearing minerals within the argillites, greywackes or schists. The chondrite normalised whole-
rock REE compositions of argillite and greywacke are light REE enriched (Fig. 3-5) and detrital 
epidote, apatite and titanite have light REE enriched or flat patterns (Cave et al., 2017). 
Therefore, REE must have been fractionated to get the observed REE patterns in scheelite. 
Fractionation in the Type 2 deposits has resulted in a consistent set of n- to u-shaped REE 
patterns. Brugger et al. (2000b) suggested that these patterns arise due to fractional 
crystallisation of scheelite within a closed system. This is because scheelite has a 
crystallographic preference for medium REE (Nassau and Loiacono, 1963), and so initial 
crystallisation of scheelite should form n-shaped patterns but with progressive scheelite 
crystallisation and removal of medium REE, the patterns become flat and eventually u-shaped. 
The results for Type 2 deposits are consistent with this as the range of patterns are correlated 
with ∑REE (Fig. 3-5B) and can be found within single scheelite grains related to primary 
growth textures (Fig. 3-6C – F). This is further supported by the homogenous Sr isotope 
compositions across different compositional zones (Fig. 3-8C -F), which indicates that the 
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source of Sr in the fluids remained constant while the REE compositions varied. The consistent 
set of REE patterns along with the limited variation in chondrite normalised La and Lu content 
across all Type 2 deposits (Fig. 3-5B) indicates that the starting fluid compositions were 
relatively homogenous. Therefore, fractional crystallisation of scheelite from hydrothermal 
fluids with relatively homogenous REE compositions is considered the main control of variation 
in REE compositions in Type 2 deposits.  
However, in Type 1 deposits this does not appear to be the case as the patterns 
generally have high amounts of heavy REE compared to light REE and the range of patterns 
are different for each deposit and generations of veins within these deposits (Fig. 3-5). Cave 
et al. (2017) suggested that the heavy REE-rich scheelite compositions are due to early 
precipitation of light REE-rich epidote. Although they present epidote trace element analyses, 
it is unclear if their analyses represent detrital- or vein-epidote. In contrast, vein-hosted epidote 
grains analysed from Boanerges Peak have heavy REE enriched patterns like that of scheelite 
(Fig. 3-6A, B), which suggests that the composition of the mineralising fluids was a significant 
control on the scheelite and epidote composition and that fractionation of light from heavy REE 
was occurring prior to precipitation of these minerals. Even so, the fact that range of REE 
follow unique trends for each vein on a Smn/Lan vs Gdn/Lun plot indicates that REE were 
fractionated differently in each vein. This is likely because the veins are narrow with limited 
extents so have equilibrated with relatively small volumes of rock and should be sensitive to 
local compositional variations in the host rocks or local variations in mineralising conditions 
such as temperature, pressure, pH and oxidation state. Localised control on REE composition 
of scheelite is demonstrated in BNG1Ba as it appears that the scheelite in a veinlet that cuts 
across an epidote-rich band has inherited the REE composition of the epidote. This is further 
supported by the highly variable Sr isotope compositions, which shows that each vein was 




3.7.3 As and Mo in scheelite.  
The concentrations of As and Mo in scheelite from Type 1 and Type 2 deposits are 
relatively low but Type 1 scheelite have higher As and Mo compared to Type 2 scheelite, 
which is interesting because these elements have been enriched in W + Au lodes of the Type 
2 deposits (Pitcairn et al., 2006). However, Hsu and Galli (1973) have shown that Mo will 
preferentially partition into a molybdenite phase (rather than scheelite) unless the S fugacity 
is sufficiently low or the fluids are significantly oxidised. Pyrite and arsenopyrite is relatively 
abundant in the Type 2 deposits and Large et al. (2012) noted Mo in the LA-ICPMS traverses 
of pyrite and arsenopyrite grains from Macraes. Therefore, the lower concentrations of As and 
Mo in the Type 2 deposits is possibly because these elements are preferentially partitioned 
into arsenopyrite and pyrite whereas in the Type 1 deposits, sulfide minerals are so rare that 
scheelite may have provided a sink for excess Mo and As.  
 
3.7.4 Controls on scheelite Sr isotope compositions 
3.7.4.1 Type 1 
Scheelite from Boanerges Peak represents a Type 1 deposit in the Otago Schist.  
There is no other Sr isotope data available in the Otago Schist mineralisation literature for 
Type 1 deposits. Sr isotope compositions of scheelite from Boanerges Peak are characterised 
by relatively heterogenous compositions (Fig. 3-7A). The most radiogenic scheelite 
compositions were measured in the argillite-hosted veins and least radiogenic in greywacke-
hosted veins (Fig. 3-7A), which indicates a lithological control on scheelite Sr isotope 
composition. Kozlik et al. (2016) have argued that preferential breakdown of mica can result 
in scheelite Sr isotope compositions that are significantly more radiogenic than the host rocks. 
This is because the Rb/Sr ratio of mica is relatively high and over time, radioactive decay of 
87Rb enriches the mica in 87Sr. Therefore, hydrothermal fluids that preferentially breakdown 
mica should become enriched in 87Sr relative to the bulk rock. Scheelite mineralisation in the 
Type 1 deposits such as Boanerges Peak is thought to have occurred due to redistribution of 
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metamorphic fluids during or shortly after peak metamorphism of lower- and sub-greenschist 
faces metasedimentary rocks (Cave et al., 2017; Craw and Norris, 1991). The metamorphism 
is characterised by the destruction of detrital feldspar and recrystallisation of detrital clays and 
mica (Adams and Graham, 1997). Therefore, as argillite rocks had a greater proportion of clay 
and mica compared to greywacke, metamorphic fluids derived from the argillite should have 
higher 87Sr/86Sr compositions and result in the observed scheelite compositions that are more 
radiogenic in argillite host rocks at Boanerges Peak. This can only occur if Sr is being locally 
derived because if it was sourced over a large enough volume of rock, mixing within the 
hydrothermal fluid would homogenise isotopically distinct inputs. Even so, the overlapping 
compositions of argillite and greywacke-hosted scheelite implies that some amount of isotopic 
mixing was occurring.  
As the timing of scheelite mineralisation at Boanerges Peak is poorly constrained, it is 
also possible that the variations in scheelite isotope compositions reflect different events of 
scheelite mineralisation. Whole-rock analyses of unmineralized host rocks at Boanerges Peak 
show that the Rb/Sr ratio and present-day whole-rock 87Sr/86Sr compositions of the argillites 
are much higher than that of the greywacke. These compositions converge at 180 + 10 Ma 
when age-adjusted into the past. However, it is not entirely clear what this represents as 
detrital mica, feldspar, epidote and titanite are still present so complete homogenisation of the 
Rb-Sr isotope system may not have occurred. Even so, the whole-rock compositions overlap 
the scheelite compositions over a range of age corrections between 200 and 100 Ma therefore 
the range of scheelite compositions could have also been produced by multiple events of 
scheelite mineralisation throughout this time period. This seems to be the case in BNG1Ba 
(Fig. 3-8A, B), where the younger generation of scheelite in the crosscutting veinlet is 
significantly more radiogenic than the large grains of scheelite in the main vein. However, even 
if this was the significant cause of variations of scheelite Sr isotope compositions, a lithological 
control on scheelite compositions should still have occurred as the age-corrected bulk argillite 
95 
 
compositions become distinctly more radiogenic than greywacke for age corrections younger 
than 165 Ma (Fig. 3-7A). 
 
3.7.4.2 Type 2 
Type 2 deposits hosted within the Rakaia Terrane are characterised by more 
homogenous Sr isotope compositions from the deposit scale to the grain scale than the Type 
1 deposits. This is shown by the single Sr isotope populations for Barewood and Alta Lode 
samples (Fig. 4-7B, Scanlan et al., 2018). Even though scheelite analyses at Macraes fall in 
two populations, these are both made up of multiple samples from pelitic and psammitic host 
rocks and overlap with the whole-rock Sr isotope compositions of unmineralized and 
mineralised schist (Fig. 3-7). This indicates that the Sr isotope compositions of Type 2 
scheelite represent variable mixtures of inputs at the deposit scale, rather than compositions 
controlled by outcrop-scale variations in host rock lithology, which is the case for the Type 1 
deposits. The more radiogenic compositions of scheelite from Barewood and Alta Lode 
compared to Macraes may represent derivation of Sr from the more evolved host rocks as 
these deposits are considered to have formed 30 years after Macraes (105 Ma for Alta Lode 
and Barewood vs 135 Ma for Macraes, Mortensen et al., 2010).  
Scanlan et al. (2018) found that scheelite hosted in Caples Terrane (e.g., Glenorchy, 
Paradise and Waipori) have Sr isotope compositions that represent variable mixtures between 
the less radiogenic Caples Terrane and the proximally under-thrust and more radiogenic 
Rakaia or Aspiring terranes (Fig. 3-7B). Strontium is therefore, at least in part, being derived 
from depth and deposited within the immediate wall-rock in deposits located along the Caples-
Rakaia or Caples-Aspiring terrane boundaries such as Glenorchy, Paradise, and Waipori. As 
there is no distinctive variation in whole-rock Sr isotope compositions in deposits only hosted 
in the Rakaia Terrane, we can only infer that the Sr is being sourced in a similar way at 
Macraes, Barewood and Alta Lode but represents a more homogenous mixture of inputs at 




3.7.5 Controls on scheelite precipitation 
One of the outlying issues with Au + W mineralisation in the Otago Schist is that 
scheelite may be associated with gold in many deposits such as Macraes, and Barewood, but 
sometimes occurs without gold such as at Glenorchy, Alta Lode and Boanerges Peak. 
Additionally, when gold and scheelite occur together they are hosted within different settings 
such as at Macraes where the richest scheelite lodes are within silicified schist in dilatational 
jogs but the majority of gold occurs within graphitic shears, dissolved within iron sulphides like 
pyrite and arsenopyrite (Farmer, 2015; MacKenzie et al., 2017).  
Pitcairn et al. (2015) have shown that the metals enriched in the W + Au mineralised 
schist are systematically depleted from progressively increasing metamorphic grades with a 
major depletion at the greenschist-amphibolite facies boundary. Therefore, the mineralising 
fluids that form the Type 2 deposits should be enriched in both W and Au along with their 
complexing ligands that allow transport in the hydrothermal fluids. Gold is primarily transported 
by hydrosulphide complexes in sulphur-rich fluids (Liu et al., 2014) whereas tungsten may be 
effectively transported by NaHWO4-, NaWO4-, HWO4- H2WO4 and WO42-  species (Wood and 
Samson, 2000). This clearly indicates that the controls on gold deposition should be different 
to that of scheelite even if both metals are present within the fluid in ore forming 
concentrations. Craw (2002) suggests that gold deposition is driven by sulfidation and 
associated graphitisation of the schist at Macraes and resulted in the majority of the deposited 
gold being hosted within sulfide minerals like arsenopyrite and pyrite. On the other hand, the 
majority of tungsten in Type 1 and Type 2 deposits is hosted within scheelite, which requires 
a source of Ca to drive deposition. Sr is chemically similar to Ca and Sr isotope compositions 
of scheelite presented here and in Scanlan et al. (2018) suggest that it is derived from the 




3.7.6 The Tungsten Cycle in the Otago Schist 
Overall, both mineralisation styles in the Otago Schist (Type 1 and Type 2) represent 
regional mobilisation of tungsten but Type 1 mineralisation is suggested to represent local 
redistribution of fluids and elements during or after peak metamorphism in sub- to lower-
greenschist facies metasedimentary rocks, whereas Type 2 mineralisation has formed from 
large volumes of  fluid generated at the greenschist-amphibolite facies boundary that have 
leached and mixed components at a regional scale (Cave et al., 2017; Large et al., 2012; 
Pitcairn et al., 2015; Pitcairn et al., 2006).  
Considering this, the following model for orogenic scheelite mineralisation in the Otago 
Schist is proposed (Fig. 3-9). Cave et al. (2017) showed that detrital rutile is potential source 
for scheelite mineralisation in lower and sub greenschist facies rocks in the Otago Schist. The 
conversion of detrital rutile to metamorphic titanite during peak metamorphism should liberate 
tungsten, which is subsequently transported and deposited at local scales (up to tens of 
meters). This local redistribution of elements is reflected in the heterogenous REE and Sr 
isotope compositions at Boanerges Peak.  
Progressive burial and leaching of metals from the Otago Schist at the regional scale 
results in mineralising fluids that are relatively rich in ligands for the transportation of W, Au, 
As, Sb and REE (Pitcairn et al., 2006). These fluids are funnelled along shear zones like the 
HMSZ during convergent tectonics to shallower levels in the crust. Interaction of these deeply 
sourced fluids with the wall rocks results in deposition of pyrite and arsenopyrite, which drives 
the precipitation of gold (Craw, 2002). At the same time replacement of metamorphic 
plagioclase to sericitic muscovite provides Ca that drives the deposition of scheelite. REE are 
more effectively transported in the Type 2 hydrothermal fluids due to the greater abundance 
of dissolved components that may act as transporting ligands; this results in homogenisation 
of REE compositions, which are incorporated into scheelite, which is the main REE sink in 
these deposits. Fractional crystallisation of scheelite (Brugger et al., 2000b) results in a variety 




to the grain scale. Sr and, by inference, Ca in the fluids are sourced from the breakdown of 
Ca-bearing phases like plagioclase, epidote and titanite during hydrothermal alteration of the 
wall rock. This is shown by the homogenous Sr isotope compositions that overlap the age-
corrected host rock compositions. Mineralisation of scheelite continues part way into the uplift 
of the orogenic belt during an extensional tectonic regime resulting in deposition of scheelite 
in steeply dipping reverse faults such as Barewood, or Alta Lode. Mineralisation ceases 
around 100 Ma. Uplift and erosion of the orogenic belt causes scheelite and W-bearing-rutile 
to be deposited within sediments, completing the cycle.  
 
Figure 3-9: Model of scheelite mineralisation in the Otago Schist. PA-LGS = Pumpellyite-actinolite, greenschist 




The REE and Sr isotope compositions of scheelite from Type 1 and Type 2 scheelite 
deposits in the Otago Schist have been characterised at the grain scale using LA-ICPMS. 
Scheelite in Type 1 deposits have heterogenous REE and Sr isotope compositions that vary 
according to different veins or generations of scheelite within the veins. Scheelite from Type 
2 deposits have similar chondrite normalised REE compositions from the regional to hand 
specimen scales that range from n-shaped to u-shaped. The full range of REE patterns can 
be observed within single grains and linked to primary growth textures that are revealed by 
CL imaging. Sr isotope compositions of Type 2 deposits are more homogenous than Type 1 
at the deposit scale and likely reflect mixed Sr sources from the host rock and Sr imported 
from depth. It is considered that the wide variation in REE and Sr isotope compositions of 
scheelite from Type 1 deposits reflects local derivation of components resulting in 
compositions that are sensitive to local variations in host rock composition or environmental 
conditions. On the other hand, the more homogenous compositions of scheelite from Type 2 
deposits reflects the greater size of the mineralised structures, more extensive fluid-rock 
interaction, and greater availability of complexing ligands to transport and homogenise REE 
and Sr in hydrothermal solutions. These results are consistent with and complement the 
existing W-Au mineralisation model for the Otago Schist. 
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4 Magmatic scheelite: Tracing fluid pathways 
4.1 Introduction 
A primary focus of this thesis has been to characterise micro-scale variations in trace 
element and isotopic compositions of scheelite to gain insights into how these relate to 
mineralisation processes. As part of this, a method for determining the in-situ Sm-Nd isotopic 
composition of scheelite using LA-ICPMS was developed and has sufficient sensitivity to 
detect Nd isotopic variations within single grains of scheelite. When this was applied to 
scheelite mineralisation at Barrytown, most of the non-analytical variation in Sm-Nd isotopic 
compositions was attributed to the radioactive decay of 147Sm to 143Nd, which meant that the 
timing of scheelite mineralisation could be broadly dated (Chapter 2). However, this requires 
that the initial Nd compositions of scheelite was homogenous, which is not the case for 
scheelite at Canaan Downs or Batemans Creek. In this chapter, Sm-Nd isotope analyses of 
scheelite are presented along with trace element, REE and Sr isotope compositions 
determined by LA-ICPMS to gain insights into the sources of components in the hydrothermal 
fluids.  
 
4.2 Geological Setting and Sample Selection 
4.2.1 Canaan Downs 
Scheelite at Canaan Downs is located within the Canaan Granodiorite, which has 
intruded the Arthur Marble and Rameka Gabbro (Williams, 1959) within the Takaka Terrane. 
This terrane forms part of the Western Province basement rocks in New Zealand (Münker and 
Cooper, 1999). These units are truncated by the north-south striking Cretaceous Wainui Shear 
Zone and Separation Point Suite granitoids to the east (Scott et al., 2014). Scheelite is hosted 
within 1-2 m wide, moderately dipping to near vertical, north to northeast striking, quartz-
muscovite veins that cut across the Canaan Granodiorite and surrounding rocks (Fig 4-1)  
(Riley, 1965; Williams, 1959). The quartz veins extend vertically into the Rameka Gabbro at 
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the top of Pisgah Hill and laterally into the Arthur Marble. The scheelite-bearing quartz veins 
have the greatest density within the Canaan Granodiorite and have not been mapped further 
than 800 meters from the granodiorite contacts. Approximations of the scheelite grade are 
around 8800 t at 0.38% WO3 with local variations up to 6.87% WO3 (Christie and Brathwaite, 
1996). 
Scheelite samples, identified with a UV lamp, were collected from a rubble pile located 
next to a shallow historical exploration trench (1.5 meters deep) positioned along the edge of 
a 2-meter-wide quartz vein (CAN2Aa to CAN2Ag, Fig 4-1). In hand specimen, the scheelite is 
present as nodules (up to 20 mm wide) and thin streaks within vuggy quartz (Fig. 4-2). A light 
green coloured mica occurs within the vein and is sometimes intergrown with the scheelite 
nodules. The majority of the quartz has a cloudy white appearance. The vugs are often filled 
with an unidentified black sooty material (possibly topsoil or manganese oxide?) and are 
commonly lined by prismatic quartz. Tungstate, a weathering product of scheelite, is often 
seen as a dusty yellow coating on the surfaces or within fractures of scheelite grains. Notable 
minor minerals within the non-hydrothermally altered Canaan Granodiorite are amphibole, 
titanite and allanite.  
Two wall rock samples were collected to assess wall rock alteration CAN2B and 
CAN2D. In hand specimen, CAN2D is a white coloured, porous and mica-rich rock with minor 
iron oxides. Under the microscope it is characterised by near complete replacement of the 
original feldspar textures by fine grained white mica (1 – 10 μm) along with minor amounts of 
relatively large euhedral grains of haematite (100 - 800 μm). Zircon, apatite, rutile and 
monazite are also present in trace amounts. CAN2B is a slightly less hydrothermally altered 
granodiorite that is characterised by partial replacement of the parent rock texture mostly by 
sericite, fine grained white mica, chlorite and epidote. Epidote, chlorite and magnetite have 
replaced amphibole grains and are present infilling very narrow, closed fractures (10 – 50 μm 
wide). The relationship between CAN2A, B and D is unclear as a full view of the exposure was 




 collected within a 2 m2 area on the edge of a 2-metre-wide, mostly barren, quartz vein next 
to the rubble pile of scheelite mineralised quartz (CAN2A).  
In addition to the trench-samples, three large (up to 3 cm long) prismatic scheelite 
crystals were acquired from the University of Otago Geology Department for trace element 
and isotope analysis (OU15013, OU15014 and OU13940, Fig. 4-2). These had been collected 
from Canaan Downs but no additional information on the geological context of these samples 
was given. 
 
Figure 4-1: Geological Map of the scheelite mineralisation at Canaan Downs adapted from Williams (1959) showing 






Figure 4-2: Scheelite macro- and micro-textures at Canaan Downs. A: Photograph taken in ambient light but also 
exposed to a shortwave UV torch of a typical boulder collected from a rubble pile next to a historical exploration trench 
(CAN2A). Scheelite nodules are highlighted by their blue UV fluorescence. Vugs filled with prismatic quartz and a black sooty 
material are typical of the scheelite-bearing rocks at this location. Green shading highlights areas consisting primarily of a 
green coloured mica (phengite?). B and C: Photographs taken under ambient light of the large prismatic crystals OU15013 
and OU15014. D – G: Photomicrographs taken under cross polarised light.  D: Type -1 scheelite nodule in CAN2Ab showing 
multiple interlocking scheelite grains. These grains have straight and undulose extinction (red lines highlight grain boundaries). 
E: Type-1 scheelite grains cut by finer grained type-2 scheelite grains and associated with type-2 muscovite in CAN2Af. F: A 
type-1 scheelite grain replaced by flan-like type-1 mica grains in CAN2Ab. G: Type-2 muscovite clearly replacing type-1 
prismatic scheelite. Sch = scheelite, mus = muscovite, qtz = quartz, T1 = type-1, T2 = type-2. 
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4.2.2 Batemans Creek 
 Scheelite at Batemans Creek is hosted within Devonian granitic stocks of Dunphy 
Granite that intrude the surrounding Greenland Group Ordovician metasedimentary rocks, 
which belong to the Buller Terrane in the Western Province basement rocks of New Zealand 
(Mortimer, 2004). Scheelite mineralisation consists of sub-vertical, north to northeast striking 
quartz-scheelite-tourmaline veins that cut across granite stocks and the surrounding 
metasedimentary rocks (Fig. 4-3). Scheelite occurs within the quartz tourmaline veins and as 
disseminated grains within the surrounding host rock up to 0.5 meters from the vein margins. 
Two scheelite-bearing rock samples were collected. The first is BAT20, which is a thin (1.5 cm 
wide) scheelite- and tourmaline-bearing quartz vein with scattered grains of disseminated 
scheelite in the adjacent hydrothermally altered granite (Fig. 4-4). Several thin sections were 
made from BAT20 targeting the largest grains in disseminated and vein textural locations 
(BAT20Aa – BAT20Ah). The second sample is BAT24, which is a boulder of a scheelite-
bearing quartz-tourmaline vein hosted in the Greenland Group metasedimentary rocks in 
Batemans Creek. No in-situ Greenland Group-hosted scheelite-bearing veins were located 
during fieldwork; therefore, analyses of scheelite in this boulder were undertaken to assess 
Greenland Group-hosted scheelite compositions. This boulder contains relatively large grains 
of scheelite within the vein as well as disseminated scheelite in toumalinised host rock along 
the vein margin (Fig. 4-4). Two thin sections were made from this boulder, with BAT24Aa 
targeting the larger scheelite grains in the main vein and BAT24Ab targeting a scheelite-quartz 
veinlet that extends into the host rock as well as the disseminated scheelite present within the 
darker coloured tourmaline-mineralised greywacke adjacent to the main vein margin.  
4.3 Methods 
4.3.1 LASS-ICPMS Sm and Nd isotopes 
The laboratory, instruments, instrument settings, standard reference materials and 
data reduction method used to analyse scheelite Sm-Nd isotope compositions from Canaan 




Figure 4-3: Geological map of scheelite mineralisation at Batemans Creek adapted from Pirajno and Bentley (1985) 




Figure 4-4: Scheelite macro and micro textures at Batemans Creek. Photographs of BAT20A (A) and BAT24A (B) 
taken in ambient light but also exposed to a strong shortwave UV torch. The blue fluorescence of the scheelite grains highlights 
vein-hosted and disseminated textural types present within mineralised Dunphy Granite (A) and Greenland Group (B) host 
rocks. C: Vein scheelite in Dunphy Granite showing scheelite intergrown with tourmaline and muscovite within a quartz vein 
(BAT20Aa). D: Vein scheelite in Greenland Group showing a band of scheelite grains within a fine grained tourmaline-rich 
band located within the centre of the main quartz vein as seen in B (BAT24Aa). E: Disseminated scheelite grains within 
Dunphy Granite associated with muscovite and pyrrhotite (BAT20Ah). Note that smaller scheelite grains have grown along 
the cleavage planes plagioclase grain. Feldspar grains have a dusty appearance due to the presence of very fine grained 
phyllosilicates. F: A disseminated poikiloblastic scheelite grain within Greenland Group greywacke associated with strong 
tourmaline mineralisation adjacent to the margin of the main quartz vein (BAT24Ab). A zone of biotite and iron-oxides cut 
through the scheelite grain. Tor = tourmaline, Gwy = greywacke, Sch = scheelite, Qtz = quartz, Bt = biotite, FeO = iron oxide, 
Pyh = pyrrhotite, Plg = plagioclase, Mus = muscovite. 
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 (Barrytown Sm-Nd Dating) with the exception that the trace element suite analysed during 
sessions 1, 2 and 3 only included platinum group elements and no REE. The results were 
filtered to remove any analyses with 148Nd/144Nd less than 0.241. This was done because the 
LA-ICPMS analyses on OU13940 with 148Nd/144Nd less than 0.241 had corresponding 
143Nd/144Nd values that deviated from the TIMS 143Nd/144Nd by -2 epsilon units and are 
therefore considered unacceptable. 
The 145Nd/144Nd invariant ratio was also used to assess the validity of the LASS 
method. The accepted value of 145Nd/144Nd was 0.348415 (Wasserburg et al., 1981) but more 
recent measurements of reference material JNdi place it at 0.348405  (Fisher et al., 2020; 
Rizo et al., 2012). With four exceptions, scheelite analyses had 145Nd/144Nd from 0.34832 to 
0.34857, corresponding to maximum divergences of + 0.03% from 0.348415. To assess if 
these divergences are important, a comparison was made between the LASS-ICPMS and 
TIMS results for OU13840 – the crystal with the most homogenous Nd isotope compositions 
in Scheelite Standard Mount 2 (SSM2). From this, it was found that there is no correlation 
between the deviation of 145Nd/144Nd from the accepted value and the deviation of 143Nd/144Nd 
of the LASS-ICPMS analyses from the weighted average TIMS composition. Therefore, the 
results were not filtered according to this invariant ratio. 
4.3.2 LA-ICPMS Sr isotopes 
Sr isotope compositions of scheelite, tourmaline and plagioclase were determined 
using LA-ICPMS at the Centre of Trace element analysis at the University of Otago following 
the same instrumentation and procedure outlined in Scanlan et al. (2018). 128 analyses of 
mineral grains were conducted over 3 days consisting of 5 analytical sessions. The laser 
settings were varied to optimise the signal strength on mass 88 – aiming for at least 1.5 V. 
This included a beam diameter between 50 and 193um and a repetition rate from 7 to 10 Hz. 
Data reduction was done using an offline excel spreadsheet and details of this method can be 
found within Scanlan et al. (2018). Isobaric interference corrections of calcium-argide dimers 
were applied to the measured tridacna primary standard material. The effects of double 
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changed REE were monitored on m/z 83.5 and 85.5 and corresponding isobaric interference 
corrections were applied to the scheelite, epidote and plagioclase analyses. The results were 
filtered to remove any analyses with an estimated Rb/Sr (calculated as: estRb/Sr = est87Rb/86Sr 
x 0.0986/0.27830) greater than 0.002. This filtering caused most plagioclase analyses in 
CAN3A and CAN4A to be rejected, likely due to abundant hydrothermal mica or clay mineral 
inclusions. 
4.3.3 TIMS 
4.3.3.1 Whole Rock 
A representative range of lithologies were sampled from Canaan Downs and 
Batemans Creek to characterise the compositions of the main lithologies observed around the 
scheelite mineralisation in these two deposits. Eight whole-rock powders from each deposit 
were analysed for trace element and Nd and Sr isotope compositions via Thermal Ionisation 
Mass Spectroscopy (TIMS). The whole rock powders were split into thirds, one third was sent 
to the Brisbane lab of ALS in Australia for trace element analysis via the ME-MS81 method 
and another third was sent to the University of Cape Town for 143Nd/144Nd and 87Sr/86Sr 
analysis. Sample dissolution, chromatographic separation of Sr and Nd, and TIMS analyses 
followed the same procedure outlined in Scott et al. (2020). 
4.3.3.2 Prismatic scheelite fragments 
Additionally, the Sr and Nd isotope compositions of the three prismatic scheelite 
crystals determined via TIMS to assess their potential as Sr and Nd isotope standard reference 
materials. Each of the three large prismatic scheelite crystals were crushed with a steel 
hammer in a plastic bag visibly inclusion free and clean fragments between 5-15 μg of 
scheelite were picked under binocular microscope. All samples were cleaned by 4N HNO3 on 
a hotplate for 60 min. A pre calibrated 150Nd-149Sm spike was added to each fraction prior to 
dissolution by a mixture of conc. HF (48%) and HNO3 (16N) in a 2:1 ratio on a hotplate at 120 
degrees C for 48-72 hrs. The solution was evaporated to dryness before converting into 
chloride form to pass through the column chemistry. Nd and Sm were separated from other 
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REE and major elements using a cation column (AG 50W X8 100-200 mesh) followed by a Ln 
spec column chemistry following similar procedure described by Scrivner et al. (2004). The 
Rb–Sr-Ba fraction was collected in 2.5M HCl from the cation column. Sr was further purified 
from this fraction by elution with 0.05M HNO3 through Sr spec resin (Eichrom 50–100 μm) 
columns following the procedure described by Pin et al. (1994). 
The Nd isotope ratios were measured using a Thermo-Fisher Triton plus Thermal 
Ionization Mass Spectrometer (TIMS) at Arctic Resources Lab in University of Alberta 
following the procedure outlined in Chapter 2 and Palmer et al. (2021). The Sr isotope ratios 
were measured by a Thermo-Fisher Triton plus Thermal Ionization Mass Spectrometer (TIMS) 
at Arctic Resources Lab in University of Alberta. The instrument was operated in a static mode 
using multiple faraday cups connected to 1011 Ω amplifiers. Purified Sr fractions were dried 
down with 1 μL of 0.1M H3PO4 and loaded with 1 μL TaCl5 activator on a previously outgassed 
zone refined Re single filament. NBS987 solution containing 50–100 ng Sr was used as 
primary standard. Accuracy and instrument stability for Sr isotope analyses were monitored 
by repeat measurement of the NBS987 standard, which gave an average value of 87Sr/86Sr = 
0.71026 ± 2 (2SD, n = 6) during the study period. In addition to the primary standards eight 
replicates of the Hawaiian basalt standard BHVO-2 was processed alongside each analytical 
batch as a secondary standard. The average Sr ratio of the eight fractions is 0.70349 + 1 
(2SD, n = 8). 
4.3.4 Zircon dating 
To provide age constraints on the timing of scheelite mineralisation at Canaan Downs and 
Batemans Creek, zircon grains were extracted from CAN2D and BAT22A and analysed by 
LA-ICPMS at the Centre for Trace Element Analysis at the University of Otago during the 





4.4.1.1 Canaan Downs 
Investigation of scheelite microtextures in the trench samples (CAN2Aa – CAN2Ag) 
reveals two textural types. The first (T1) is of relatively coarse grained scheelite nodules (>5 
mm), white mica (5 mm) and quartz (10 mm). Scheelite nodules consist of multiple intergrown 
scheelite grains with different crystallographic orientations, as seen under a polarising light 
microscope (Fig. 4-2). The scheelite grains are typically euhedral with straight extinction and 
sometimes are partially replaced by fan-like clusters of euhedral white mica (Fig. 4-2F). 
Associated anhedral quartz grains have patchy, undulose extinction and contain a dense 
network of microfractures. The quartz also appears dusty due to an abundance of fluid and 
mineral inclusions that are often ordered into a crisscross pattern along fracture planes. Like 
the hydrothermally altered host rocks, rare euhedral to subhedral grains of hematite are 
present.  
The second texture (T2) is of finer grained scheelite, mica and quartz compared to T1. 
Trails of fine grained anhedral scheelite aggregates, with a grainsize of 0.05 - 0.1 mm, crosscut 
the T1 scheelite (Fig. 4-2E). These scheelite grains have straight extinction and sometimes 
share sub-grain boundaries with T1 scheelite. Streaks of anhedral white mica (1 mm wide) run 
along the grain boundaries of quartz and may be found replacing the T1 scheelite grains and 
large mica fans (Fig. 4-2G). One fracture was found to contain fine-grained mica along with 
stolzite (PbWO4) adjacent to a large scheelite grain. Where large, fluid-inclusion-rich, quartz 
grains have recrystallized to a smaller grain size (down to 0.1 mm), the fluid inclusion density 
and patterns are retained within the new grains. The T2 quartz grains have straight extinction.  
4.4.1.2 Batemans Creek 
Vein-scheelite and disseminated scheelite are present within BAT20. The vein 
scheelite occurs either as single grains or clusters of intergrown grains with tourmaline, 
plagioclase, and muscovite (Fig. 4-4). Other notable minerals present within the veins include 
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apatite, pyrrhotite and pyrite. The disseminated scheelite grains are intergrown with large 
grains of white mica replacing feldspar (Fig. 4-4E). In places, these scheelite grains have 
grown along the cleavage planes of feldspar grains. Tourmaline is rarely associated with 
disseminated scheelite but is often present along the margin of the quartz vein in BAT20. Vein 
scheelite in BAT24 consists of individual, euhedral grains studded within quartz or thin bands 
of finer grained tourmaline (Fig. 4-4D) whereas poikiloblastic disseminated scheelite is 
intergrown with tourmaline within the mineralised wall rock (Fig. 4-4F). 
4.4.2 Whole Rock Trace Element and Isotope Compositions 
4.4.2.1 Canaan Downs 
At Canaan Downs the Canaan Granodiorite, Rameka Gabbro and Arthur Marble are 
the immediate host rocks to the scheelite mineralisation; however, the Pikikirunga Schist, a 
garnet-mica schist, and the Onekaka Schist, a mica schist, occur within the wider area and 
may have contributed components to the mineralising system. Therefore, all these rocks were 
analysed to determine the trace element and Sr and Nd isotope compositions for comparison 
to the scheelite. All samples were visually free of hydrothermal alteration except CAN2B and 
CAN2D, which were variably hydrothermally altered and only analysed for trace element 
compositions.  
4.4.2.1.1 REE 
At Canaan Downs, the overall chondrite normalised patterns for all 4 samples are light 
REE enriched with no Eu* and Lan/Lun around 20. One exception is CAN2D, which has a 
Lan/Lun of 37 (Fig. 4-5A, B). The two hydrothermally altered Canaan Granodiorite samples 
(CAN2B & CAN2D) have almost double the amount of ∑REE compared to a relatively 
unaltered granodiorite sample (CAN3A). Arthur Marble (CAN6A) has the lowest ∑REE in this 
sample suite. 
4.4.2.1.2 Nd and Sr Isotope Compositions 
The Arthur Marble, Onekaka Schist and Pikikirunga Schist have εNd(351 Ma) less than -
7.3 whereas the Canaan Granodiorite and Rameka Gabbro have significantly more radiogenic 
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compositions of εNd(351 Ma) = 1.9 and 2.1, respectively. The age-corrected Sr isotope 
compositions of the Arthur Marble, Onekaka Schist and Pikikirunga Schist are greater than 
0.70798 whereas the Canaan Granodiorite and Rameka Gabbro are 0.70472 and 0.70452 





4.4.2.2 Batemans Creek 
At Batemans Creek three types of host rock were analysed. The first type are the two 
Dunphy Granite samples BAT19A and BAT22A, which represent the least hydrothermally 
altered granite from near the quartz-tourmaline vein BAT20A. The second is biotite-zone 
contact-metamorphosed, pelitic and psammitic Greenland Group metasedimentary rocks 
(BAT4A, BAT8A, BAT14A and BAT23A), sampled near the mapped granite-metasediment 
contacts within Batemans Creek. The third type is Greenland Group argillite (GG Arg) and 
greywacke (GG Grey) sampled from outside of the contact metamorphic aureole that laterally 
extends 1.5 km from the granite contacts (Robinson and Scott, 2019). 
4.4.2.2.1 REE 
The overall chondrite normalised REE patterns of all samples from Batemans Creek are light 
REE enriched with negative Eu* and Lan/Lun between 3 and 12 (Fig. 4-6A, B). Dunphy Granite 
samples have slightly less light REE larger negative Eu* and lower Lan/Lun than the Greenland 
Group. Within each host rock type there are no significant variations of the pattern shapes 
between different lithologies or between mineralised and unmineralised samples. 
4.4.2.2.2 Nd Isotope Compositions 
The Nd isotope compositions of host rocks at Batemans Creek are distinctive between 
Greenland Group and Dunphy Granite samples. Both Dunphy Granite samples collected from 
Batemans Creek have εNd (368 Ma) of -5.6, which is more radiogenic than all the Greenland 
Group samples (including those within and outside the contact metamorphism aureole) with 
εNd (368 Ma) between -7.4 and -8.5.  
Figure 4-5: LA-ICPMS REE and trace element compositions of scheelite from Canaan Downs. A: chondrite 
normalised REE patterns for selected analyses of scheelite from the historical trench, all analyses were similar regardless of 
scheelite texture, the blue area defines the range of scheelite compositions from this locality. B: representative analyses for 
each of the large prismatic crystals, note that REE patterns of OU15014 are like the trench-scheelite samples. C: REE 
compositions of all analyses from Canaan Downs, indicative Lan/Lun isolines were calculated using the median Smn/Gdn = 1.4. 
D – F: Binary variation trace element plots showing all analyses carried out in this study. Note that As and ∑REE have a 
positive relationship if all analyses are considered together and OU15014 tends to have similar trace element compositions to 
the trench-scheelite where as OU15013 and OU13940 tend to plot in separate areas. 
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4.4.2.2.3 Sr Isotope Compositions 
The Greenland Group argillite and greywacke samples have age-corrected 
87Sr/86Sr(368) compositions of 0.75889 and 0.71484, respectively, and are more radiogenic than 
the two Dunphy Granite samples, which have 87Sr/86Sr of 0.70754 and 0.70798. The argillite 
sample has a similar age-corrected composition as Greenland Group siltstones and 




Figure 4-6: REE and Trace element compositions of scheelite from Batemans Creek measured by LA-ICPMS. A + 
B: chondrite normalised REE patterns for selected analyses on Dunphy Granite-hosted scheelite (A) and Greenland Group -
hosted scheelite (B), the textural context corresponds to the point shape and colour, connecting line are coloured differently 
for each analysis, the grey shaded areas are the corresponding whole-rock host rock compositions (4 analyses each). C – F: 
REE and Trace Element compositions showing clear distinctions in scheelite compositions according to host rock and textural 
contexts. The range of compositions of most disseminated grains in each plot are highlighted with light-red dashed lines. 
Indicative Lan/Lun isolines calculated assuming Smn/Gdn = 1 but note that the median ratio in BAT20A is 0.7 and in BAT24A 
is 1.2. 
Batemans Creek. These range between 0.74070 to 0.76520. In contrast, the age-corrected 
87Sr/86Sr compositions of the contact metamorphosed Greenland Group samples are less 
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radiogenic than the argillites and greywackes. Both psammitic hornfels samples have age-
corrected compositions that plot between the argillites and granite, and the pelitic hornfels 
have anomalously low compositions of 0.68657 and 0.70150, which are less radiogenic than 
the Dunphy Granite. 
4.4.3 TIMS - prismatic scheelite fragments 
The Sr and Nd compositions of up to four fragments from each of the prismatic crystals 
OU15013, OU15014 and OU13940 that were analysed by TIMS are presented in Table 4-1. 
4.4.4  Zircon Dating 
Cathodoluminescence imaging of all analysed grains from Batemans Creek and 
Canaan Downs revealed that some grains contained a rounded homogenous or complex 
zoned core surrounded by fine oscillatory zonation. Other grains only displayed fine oscillatory 
zonation (Fig. 4-7). For this study, areas of oscillatory zonation were targeted for LA analysed 
whereas the cores were avoided. Zircon grains from Batemans Creek generally have prismatic 
shapes whereas the Canaan Downs grains were generally more rounded. Twenty-four zircon 
grains from Canaan Downs gave a weighted mean, common-Pb corrected 206Pb/238U date of 
350.8 + 4.5 with an MSWD of 0.64 (Fig. 4-7, Table 4-2). 20 analyses of zircon grains from 
Batemans Creek gave a weighted mean, common-Pb corrected 206Pb/238U date of 368.0 + 6.7 
with a MSWD of 1.5 (Fig. 4-7, Table 4-2). 
4.4.5 LA-ICPMS Trace Elements 
4.4.5.1 Cannan Downs 
4.4.5.1.1 Trench-scheelite – CAN2A 
The trace element and REE compositions of all trench-scheelite (CAN2Aa – CAN2Ag) 
generally cluster together on binary variation plots (Fig. 4-5). They contain   400 – 5000 ppm 
∑REE, 40 – 1000 ppm Y, 300 – 2000 ppm Sr, 50 - 400 ppm Na, 30 – 2000 ppm Mo and 
generally less than 100 ppm of each Fe, Mg, Mn, As, Nb and Pb. Chondrite normalised REE 
patterns all consist of humped patterns that have peak normalised values at Nd and Sm with 
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Table 4-1: TIMS Sr isotope analysis results for the large prismatic scheelite grains OU15013 (13), OU15014 (14) and OU13940 (940). Internal 2SE shown. Corresponding Nd compositions 
for OU13940 and OU15014 taken from Palmer et al. (2021) – the matched analyses represent the Nd and Sr compositions of the same scheelite fragment. * = Rb uncorrected ratio, 013 = OU15013, 
014 = OU15014 and 940 = OU13940, NBS = NBS987. εNd calculated using CHUR 143Nd/144Nd = 0.512630 (Bouvier et al., 2008). 
 
 
Sample 87Sr/86Sr 2SE 84Sr/86Sr 2SE 85Rb/86Sr 2SE 87Sr/86Sr* 2SE Sample Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 2 S.E. 145Nd/144Nd 2 S.E. εNd 
013A 0.705474 11 0.056474 5 -0.000001 4 0.705474 11 013A 30 136 0.1314 0.512470 9 0.348407 5 -3.27 
013B 0.705446 10 0.056477 4 0.000027 3 0.705457 10 013B 38 160 0.1430 0.512490 14 0.348406 7 -2.89 
013C 0.705486 10 0.056482 3 0.000011 3 0.705489 10 013C 31 143 0.1326 0.512462 22 0.348407 15 -3.43 
013D 0.705257 6 0.056488 2 0.000002 2 0.705259 6 013D 40 173 0.1394 0.512459 16 0.348401 6 -3.50 
014B 0.705901 9 0.056475 3 0.000012 3 0.705906 8 014B 154 617 0.1514 0.512504 12 0.348405 8 -2.61 
014C 0.705881 9 0.056481 3 0.000009 2 0.705884 9 014C 151 555 0.1643 0.512517 8 0.348405 5 -2.37 
014D 0.706062 8 0.056479 3 0.000009 2 0.706064 8 014D 41 165 0.1489 0.512532 11 0.348400 7 -2.07 
940A 0.709379 11 0.056470 4 0.000020 3 0.709386 11 940A 13 78 0.1035 0.512323 7 0.348406 4 -6.14 
940B 0.707948 12 0.056473 5 0.000038 4 0.707962 11 940B 21 124 0.1033 0.512318 8 0.348400 4 -6.25 
940C 0.708208 15 0.056460 8 0.000068 9 0.708237 14 940C-2 18 98 0.1097 0.512335 16 0.348398 8 -5.90 
940D 0.707929 8 0.056478 3 0.000022 2 0.707937 8 940D 19 109 0.1028 0.512321 9 0.348401 5 -6.19 
                  
Standard Reference Materials                
NBS-2 0.710259 8 0.056494 3 - - 0.710257 8 - - - - - - - - - 
NBS-3 0.710235 9 0.056491 3 - - 0.710235 9 - - - - - - - - - 
NBS-4 0.710256 7 0.056480 2 - - 0.710256 7 - - - - - - - - - 
NBS-5 0.710264 6 0.056488 5 - - 0.710261 6 - - - - - - - - - 
NBS-7 0.710266 6 0.056489 4 - - 0.710266 6 - - - - - - - - - 
NBS-8 0.710259 13 0.056500 3 - - 0.710254 12 - - - - - - - - - 
NBS-9 0.710264 8 0.056494 3 - - 0.710264 8 - - - - - - - - - 
NBS-10 0.710244 11 0.056484 3 - - 0.710245 11 - - - - - - - - - 
NBS-11 0.710260 9 0.056496 5 - - 0.710258 9 - - - - - - - - - 
NBS-12 0.710263 10 0.056470 4 - - 0.710263 10 - - - - - - - - - 
NBS-13 0.710264 10 0.056471 4 - - 0.710264 10 - - - - - - - - - 
NBS-14 0.710281 13 0.056467 7 - - 0.710281 13 - - - - - - - - - 
NBS-15 0.710278 11 0.056468 4 - - 0.710278 11 - - - - - - - - - 
NBS-16 0.710258 8 0.056475 3 - - 0.710258 8 - - - - - - - - - 
NBS-17 0.710269 9 0.056471 3 - - 0.710269 9 - - - - - - - - - 
BHVO-2_3 0.710261 10 0.056467 5 - - 0.710261 10 - - - - - - - - - 
BHVO-2_4 0.703501 10 0.056466 4 0.000014 4 0.703507 10 - - - - - - - - - 
BHVO-2_5 0.703490 7 0.056475 3 0.000012 2 0.703494 7 - - - - - - - - - 
BHVO-2_6 0.703490 5 0.056475 2 0.000012 2 0.703496 5 - - - - - - - - - 
BHVO-2_7 0.703484 10 0.056487 4 0.000004 4 0.703485 9 - - - - - - - - - 
BHVO-2_8 0.703483 4 0.056483 1 0.000008 1 0.703487 4 - - - - - - - - - 
BHVO-2_9 0.703490 12 0.056470 6 0.000160 7 0.703552 12 - - - - - - - - - 
BHVO-2_10 0.703492 5 0.056479 2 0.000044 4 0.703508 5 - - - - - - - - - 




slightly positive to no Eu anomaly (Eu* from 1 to 2) and higher amounts of light REE compared 
to heavy REE (Lan/Lun between 1 and 35) (Fig. 4-5). The trace element and REE compositions 
do not vary according to the scheelite microtextures (T1 vs T2).  
 
Figure 4-7: Results of LA-ICPMS U-Pb zircon dating. A+B: Cathodoluminescence images of representative zircon 
grains from Batemans Creek (BAT22A, A) and Canaan Downs (CAN2D, B). C + D: weighted mean of Pb-corrected 206Pb/238U 




Table 4-2: Zircon LA-ICPMS U-Pb radiometric dates for Canaan Downs and Batemans Creek. Disc. = discordance, corr = corrected. Propagated errors shown.  
 
 
 Measured isotope ratios and absolute errors  Uncorrected dates and absolute errors  Common-Pb corr dates 
Analysis ID 206Pb/238U 2SE 207Pb/235U 2SE 207Pb/206Pb 2SE  206Pb/238U 2SE 207Pb/235U 2SE 207Pb/206Pb 2SE Disc. (%)  206Pb/238U 2SE 
BAT22-1. 0.0578 0.0037 0.450 0.034 0.0559 0.0020  362 23 377 26 441 80 -3.9  361 23 
BAT22-2. 0.0623 0.0041 0.453 0.040 0.0520 0.0029  390 25 378 28 270 120 3.1  391 25 
BAT22-3. 0.0590 0.0039 0.447 0.035 0.0542 0.0018  369 24 375 25 377 72 -1.5  369 24 
BAT22-4. 0.0630 0.0040 0.473 0.038 0.0549 0.0023  394 25 393 27 395 93 0.2  394 25 
BAT22-5. 0.0580 0.0037 0.438 0.034 0.0544 0.0022  364 23 369 24 376 92 -1.4  363 23 
BAT22-8. 0.0578 0.0037 0.430 0.033 0.0535 0.0019  362 23 363 23 348 80 -0.1  362 23 
BAT22-10 0.0574 0.0037 0.427 0.033 0.0536 0.0020  360 23 360 24 368 83 -0.1  360 23 
BAT22-12 0.0582 0.0037 0.424 0.033 0.0533 0.0022  365 23 358 24 346 92 1.9  365 23 
BAT22-13 0.0599 0.0039 0.463 0.041 0.0546 0.0028  375 24 386 28 420 130 -2.8  375 24 
BAT22-15 0.0576 0.0038 0.443 0.037 0.0542 0.0029  361 23 372 26 360 120 -3.0  361 23 
BAT22-16 0.0616 0.0041 0.455 0.035 0.0539 0.0019  385 25 380 24 367 78 1.4  386 25 
BAT22-20 0.0619 0.0039 0.452 0.034 0.0536 0.0017  387 24 378 23 359 70 2.3  387 24 
BAT22-21 0.0543 0.0036 0.399 0.034 0.0527 0.0023  341 22 340 25 304 99 0.3  341 22 
BAT22-22 0.0620 0.0039 0.467 0.035 0.0553 0.0016  388 24 389 24 418 66 -0.3  388 24 
BAT22-23 0.0552 0.0035 0.417 0.033 0.0553 0.0022  346 21 355 24 410 88 -2.4  346 22 
BAT22-24 0.0586 0.0038 0.445 0.043 0.0562 0.0040  367 23 377 31 450 150 -2.7  366 23 
BAT22-25 0.0580 0.0037 0.413 0.039 0.0510 0.0037  364 23 349 29 250 150 4.2  365 23 
BAT22-26 0.0573 0.0038 0.429 0.039 0.0538 0.0028  359 23 361 28 340 120 -0.5  359 23 
BAT22-27 0.0579 0.0037 0.424 0.035 0.0535 0.0025  363 23 360 25 346 95 0.7  363 23 
BAT22-28 0.0603 0.0040 0.439 0.036 0.0533 0.0021  378 24 369 25 329 88 2.4  378 25 
CAN2D-2. 0.0568 0.0037 0.420 0.036 0.0540 0.0027  356 23 357 25 348 110 -0.2  356 23 
CAN2D-3. 0.0550 0.0035 0.421 0.034 0.0556 0.0025  345 22 358 25 420 100 -3.7  344 22 
CAN2D-5. 0.0550 0.0036 0.397 0.035 0.0530 0.0029  345 22 338 25 300 120 2.0  345 22 
CAN2D-6. 0.0560 0.0038 0.439 0.035 0.0560 0.0026  351 23 369 25 457 96 -4.8  350 23 
CAN2D-8. 0.0578 0.0038 0.427 0.042 0.0534 0.0036  363 23 363 31 320 150 -0.1  362 23 
CAN2D-9. 0.0586 0.0038 0.431 0.036 0.0531 0.0026  367 23 364 26 368 110 0.9  367 23 
CAN2D-10 0.0535 0.0034 0.400 0.032 0.0546 0.0024  336 21 341 24 385 100 -1.5  335 21 
CAN2D-11 0.0570 0.0036 0.426 0.033 0.0543 0.0021  357 22 360 24 398 87 -0.7  357 22 
CAN2D-12 0.0540 0.0034 0.403 0.031 0.0541 0.0021  339 21 343 23 360 85 -1.3  338 21 
CAN2D-13 0.0547 0.0037 0.500 0.056 0.0638 0.0054  344 23 409 38 720 190 -16.0  339 23 
CAN2D-14 0.0589 0.0037 0.431 0.036 0.0535 0.0025  369 23 363 25 330 100 1.6  369 23 
CAN2D-15 0.0567 0.0037 0.402 0.037 0.0515 0.0033  356 23 341 28 240 130 4.3  356 23 
CAN2D-16 0.0549 0.0036 0.415 0.035 0.0552 0.0024  344 22 354 25 430 100 -2.7  344 22 
CAN2D-17 0.0548 0.0035 0.413 0.032 0.0533 0.0018  344 21 351 23 371 82 -1.9  344 22 
CAN2D-18 0.0559 0.0036 0.418 0.031 0.0541 0.0017  350 22 354 22 372 69 -1.2  350 22 
CAN2D-19 0.0574 0.0037 0.419 0.034 0.0525 0.0019  360 23 355 24 299 83 1.3  360 23 
CAN2D-21 0.0570 0.0036 0.413 0.039 0.0515 0.0035  357 22 348 28 290 150 2.6  358 22 
CAN2D-22 0.0551 0.0035 0.411 0.035 0.0543 0.0029  346 21 348 25 350 110 -0.7  345 22 
CAN2D-24 0.0550 0.0036 0.403 0.033 0.0523 0.0024  345 22 344 24 287 100 0.2  345 22 
CAN2D-25 0.0559 0.0036 0.404 0.042 0.0527 0.0038  351 22 343 30 290 150 2.2  351 22 
CAN2D-26 0.0556 0.0037 0.419 0.034 0.0536 0.0022  349 23 355 25 368 100 -1.7  349 23 
CAN2D-27 0.0567 0.0038 0.396 0.036 0.0506 0.0027  355 23 343 26 213 110 3.6  357 24 
CAN2D-28 0.0569 0.0036 0.409 0.032 0.0517 0.0021  357 22 349 23 277 93 2.1  357 22 
CAN2D-30 0.0555 0.0036 0.416 0.032 0.0540 0.0019  348 22 353 23 371 79 -1.2  348 22 
Rejected dates                  
BAT22-6. 0.0697 0.0047 0.553 0.050 0.0564 0.0029  434 28 446 32 450 110 -2.7  434 29 
BAT22-7. 0.0851 0.0055 0.719 0.063 0.0613 0.0035  527 33 547 37 620 120 -3.7  524 33 
BAT22-9. 0.1650 0.0110 1.680 0.130 0.0735 0.0028  984 60 1006 56 1024 78 -2.2  983 63 
BAT22-17 0.2666 0.0170 3.966 0.300 0.1061 0.0035  1523 89 1626 63 1740 65 -6.3  1506 93 
BAT22-29 0.0684 0.0050 0.541 0.050 0.0558 0.0025  426 30 438 33 433 99 -2.7  426 31 
CAN2D-4. 0.0594 0.0038 0.426 0.034 0.0515 0.0021  372 23 360 24 251 86 3.4  373 23 
CAN2D-7. 0.0416 0.0026 0.338 0.027 0.0566 0.0026  263 16 295 21 506 100 -11.0  261 16 
CAN2D-20 0.0600 0.0039 0.465 0.039 0.0557 0.0023  376 24 386 27 457 96 -2.7  375 24 
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4.4.5.1.2 Large crystal compositions  
Trace element compositions of each crystal are distinctive (Fig. 4-5). On binary 
variation plots, OU15013 and OU13940 compositions tend to plot as clusters of points 
separate from the trench-scheelite and OU15014 compositions. Compositions of OU15014 
are generally like the trench-scheelite although some analyses in fragment OU15014b plot 
outside of the trench-scheelite range (Fig. 4-5E).  
Variations in chondrite normalised REE patterns are significant between crystals but 
not within crystals (Fig. 4-5C). OU15014 has similar pattern shapes to the trench-scheelite, 
which consist of humped patterns with peak normalised values at Nd and Sm, similar ∑REE, 
Lan/Lun between 3 and 16 and no Eu* (Fig. 4-5B + C). On the other hand, OU15013 has less 
heavy REE, higher Lan/Lun (110– 200) and slight positive Eu*. Chondrite normalised patterns 
of OU13940 are light REE enriched with negatively sloping- to humped-shaped patterns 
peaking between La and Sm, a negative Eu* and a consistent negative slope from Gd to Lu. 
Lan/Lun are between 20 and 100.  
4.4.5.1.3 Binary plot trends 
∑REE and As have a slight positive relationship, especially when all analyses are 
considered together (Fig. 4-5E), and there is a subtle negative relationship between the Eu* 
(Eu* = Eu/[Sm x Gd]0.5) and Mo. Aside from OU15013, which has a clear positive relationship 
between ∑REE and Nb, the relationships between ∑REE and Nb or Na were investigated but 
are not correlated in the other samples. 
4.4.5.2 Batemans Creek 
Overall, the significant trace elements present in all scheelite grains analysed from all 
samples at Batemans Creek include: ∑REE from 30 to 2800 ppm, As from 0.3 to 15 ppm, Mg 
from 8 to 3400 ppm, Mn from 10 to 100 ppm, Mo from 4 to 13 ppm, Na from 100 to 3200 ppm, 
Nb 1 to 700 ppm, Pb from 1 to 100 ppm, Sr from 50 to 2100 ppm and Y from 60 to 1500 ppm.  
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In detail, scheelite hosted within the Dunphy Granite has distinctive trace element and 
REE compositions compared to scheelite hosted in the Greenland Group (Fig. 4-6), and within 
each host rock type, the trace element and REE compositions of vein scheelite can be 
distinguished from disseminated scheelite. Compositional variations between the cores and 
rims of grains were also investigated; however, no clear distinctions were identified. 
Specifically, Dunphy Granite-hosted scheelite has higher concentrations of Mo (8 - 13 ppm), 
Nb (2 – 700 ppm) and Y (60 – 1500 ppm) and lower concentrations of Mg (8 – 60 ppm), Pb (1 
-18 ppm) and Sr (50 – 170 ppm, Fig. 4-6D - F) than Greenland Group-hosted scheelite, which 
has concentrations of Mo (4 – 9 ppm), Nb (1 – 80 ppm) and Y (60 – 500 ppm) and higher 
concentrations of Mg (16 – 3400 ppm), Pb (8 – 100 ppm), and Sr (190 – 2100 ppm). 
Disseminated grains in both host rock types tend to have higher Nb concentrations compared 
to the vein-hosted grains (Fig. 4-6E). Additionally, ∑REE are higher in disseminated scheelite 
hosted in Dunphy Granite compared to vein scheelite, which is not seen in Greenland Group-
hosted scheelite (Fig. 4-6E).  On the other hand, disseminated scheelite hosted in Greenland 
Group have higher concentrations of Mo, Pb and Sr (Fig. 4-6D + F) compared to vein-hosted 
scheelite.  
The REE compositions are also distinctive between the host rock types and textural 
types. Scheelite grains hosted in Dunphy Granite consist of positive sloping and humped 
patterns with peak normalised values between Dy and Tm (Fig. 4-6A). Lan/Lun ratios are 
generally around 0.1 but range between 0.02 and 1 (Fig. 4-6C) and most analyses have 
negative Eu anomalies ranging down to 0.1 (Eu anomaly = Eu* = Eu/(Sm*Gd)0.5). Seven 
analyses have none to slightly positive Eu* with values ranging to 2 (Fig. 4-6D). On the other 
hand, Greenland Group-hosted scheelite grains tend to have slightly humped to flat and trough 
shaped patterns with Lan/Lun ratios between 0.1 and 15 and a range of Eu* from 0.3 – 9. The 
Eu* of disseminated scheelite overlap the vein scheelite but are generally all negative, with 
only 2 out of 11 analyses with Eu* >1. In both host rock types, the disseminated grains have 
the highest Smn/Lan ratios and vein scheelite have lowest but there is overlap between these 
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two types, especially for the Dunphy Granite-hosted grains (Fig. 4-6C). A positive trend 
between ∑REE and Nb (Fig. 4-6E) is present for Dunphy Granite- and Greenland Group-
hosted scheelite and the relationship between ∑REE with Na and As were investigated but 
not apparent. 
4.4.6 LA-ICPMS Sm-Nd Isotope Compositions 
4.4.6.1 Canaan Downs 
A total of 124 analyses were carried out on the T1 trench-scheelite and the large 
prismatic crystals OU13940 and OU15014. T2 scheelite grainsize were generally not large 
enough to accommodate the 193 μm beam diameter and OU15013 was not analysed. 
Overall, the trench-scheelite analyses have 147Sm/144Nd from 0.1221 to 0.2843, a 57 
% range, and εNd from 1.7 to -5.0 (143Nd/144Nd between 0.51238 and 0.51272)   with a mean 
internal 2SE of 0.6 epsilon units (ranging from 0.2 to 2.8). The prismatic scheelite crystal 
OU15014 has a smaller range of 147Sm/144Nd from 0.1476 to 0.2182 (32%) and εNd from -0.3 
to -4.6 (143Nd/144Nd between 0.51240 and 0.51262), whereas OU13940 is the most 
homogenous grain with the smallest range of 147Sm/144Nd from 0.0940 to 0.1072 (12%) and 
εNd from -4.1 to -9.1 (143Nd/144Nd between 0.51217 and 51242) across all 3 sessions; 
however, maximum in-session variations are between 1.8 and 3.5 epsilon units.  
When all 124 analyses are plotted on an isochron diagram, a broad positive 
relationship is produced with a corresponding Model 1 age of 356 + 34 Ma, initial 143Nd/144Nd 
of 0.51208 ± 4 and MSWD of 6.9 (Fig. 4-8A). Although this overlaps with the magmatic age 
of Canaan Granodiorite, this date is skewed by the multiple similar analyses on OU13940 and 
OU15014. If analyses of OU13940 are progressively removed, the age reduces towards 210 
Ma. This is because the widest spread in Sm/Nd is provided by analyses in CAN2A and the 
composition of OU13940 plots below the trend of these scheelite and so including OU13940 
steepens the linear regression resulting in an unrepresentatively older age. If only the analyses 
of scheelite in CAN2A are plotted (excluding OU13940 and OU15014), the corresponding 






Figure 4-8: LA-ICPMS results for scheelite analyses at Canaan Downs. A: isochron plot of all analyses on scheelite 
grains from Canaan Downs showing a broad positive trend. Linear regression lines (dashed lines) and associated isochron 
age calculations are shown in red for all analyses and in blue for CAN2A analyses only. S1 and S2 refer to analyses marked 
in C. B: age-corrected εNd compositions of representative analyses of the trench-scheelite (CAN2Aa – 2Ad) and prismatic 
scheelite crystals (OU13940 + OU15014). The range of age-corrected whole-rock compositions for the Canaan Granodiorite 
(host rock) and associated Rameka Gabbro are indicated by the red horizontal band along with the Arthur Marble Group 
(Arthur Marble + Pikikirunga Schist + Onekaka Schist) as a violet horizontal band. Note that all scheelite compositions fall 
between the two host rock compositions and overlap with neither. Population density plots (PDP) for all analyses in CAN2A 
(blue line), OU154014 (green line) and OU13940 (grey line), N = number of analyses. C: analysis maps showing the εNdi 
compositions of individual analyses within thin sections CAN2Ab (left) and CAN2Ag (right) with grain boundaries marked in 
red. Note that 2 statistically different compositions were measured in the lower left grain of CAN2Ab (S1 and S2) and in 
CAN2Ag the compositions appear to vary spatially (at mm scales) rather than texturally i.e. the left half of the image has 
significantly lower εNdi than the right side but prismatic scheelite (Pr -Sch) is present on both sides. Df - Sch = deformed 
scheelite. εNdi calculated for 351 Ma using CHUR 
143Nd/144Nd = 0.51263, 147Sm/144Nd = 0.196 (Bouvier et al., 2008) and λ(Sm)  
= 6.54 x 10-12 (White, 2015). 
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improved, but still high, MSWD of 3.6 (N = 39). Therefore, these results do not make up a 
statistically significant linear trend. 
When the results are age adjusted to 351 Ma - the weighted mean of magmatic zircon 
U-Pb dates for the Canaan Granodiorite, the resulting εNdi of all trench-scheelite range 
between 0.8 and -3.5, OU13940 ranges between 0.0 and -5.0 and OU15014 ranges between 
0.5 and -4.9. These results plot between the age-corrected whole-rock compositions of the 
Cannan Granodiorite and Arthur Marble Group but tend to plot closer to the Canaan 
Granodiorite and associated Rameka Gabbro (Fig. 4-8B). T1 scheelite grains have a similar 
range of εNdi to OU15014 but OU13940 analyses are generally less radiogenic and more like 
the Arthur Marble. Despite the range of εNdi compositions, there is no clear link to the scheelite 
microtextures (e.g., core-rim) and, in some cases, two analyses within a single grain can have 
statistically different εNdi compositions (Fig. 4-8C). In CAN2Ag, there are two distinct 
populations of εNdi that are localised to areas of the thin section (Fig. 4-8C) and are not linked 
to different scheelite microtextures. 
4.4.6.2 Batemans Creek 
Sm-Nd isotope compositions of scheelite from Batemans Creek vary according to the 
host rock type and textural context of the scheelite grains (Fig. 4-9). In the Dunphy Granite, 
four analyses of the disseminated scheelite grains have 147Sm/144Nd from 0.2277 to 0.3491, a 
35% range, and εNd from 0.8 to -5.7 with a mean internal 2SE of 0.8. Only four analyses were 
carried out as grains large enough to accommodate the 193 μm beam diameter were 
uncommon (Fig. 4-9C). Vein scheelite was not analysed as the concentrations of Nd were 
less than 100 ppm, which is the empirically determined minimum concentration required for 
our LASS-ICPMS method (Chapter 2). In the Greenland Group, the 10 analyses of vein-hosted 
scheelite have 147Sm/144Nd from 0.0970 to 1.434, a 32% range, and εNd between -17.1 and -




Figure 4-9: LA-ICPMS Nd isotope compositions of scheelite from Batemans Creek. A: isochron plot of all analyses 
from Batemans Creek, a linear regression for all analyses is shown by the thin red line and the corresponding isochron age 
results are included. Analyses labelled S1 to S3 correspond to mapped analyses in C and E. B: Initial εNd (εNdi) compositions 
of all analyses from Batemans Creek plotted along with the age-corrected whole-rock compositions of the Dunphy Granite 
(blue horizontal band) and Greenland Group (green horizontal band). Dunphy Granite has a more positive εNdi than the 
Greenland Group.  Disseminated scheelite, hosted in the Dunphy Granite (BAT20A), have the most positive εNdi compositions 
of all analyses at Batemans Creek with two analyses overlapping the Dunphy Granite composition. In the Greenland Group 
(BAT24A, B), only the two most positive vein-hosted scheelite analyses have significant overlap with the whole-rock 
compositions. The remaining 13 analyses are more negative. C – E: analysis maps showing the variation of εNdi at the micro 
scale. C: Analyses of a disseminated scheelite grain within BAT20Aa. The scheelite grain size was just large enough to 
accommodate the 193 μm beam diameter. D: Disseminated Greenland Group-hosted scheelite in BAT24Ab. E: Scheelite 
grains within the centre of a quartz-tourmaline vein in BAT24Aa. Tor = tourmaline, Qtz = quartz, Ksp = K-feldspar, reg = 




from 0.1961 to 0.2479, a 21% range, and εNd from -9.9 to -11.0. These results do not plot as 
linear array on an isochron diagram (Fig. 4-9A).  
If the results are age corrected to 368 Ma – the weighted mean of magmatic zircon U-
Pb dates for the Dunphy Granite, the εNdi of Dunphy Granite-hosted scheelite grains are 
between -3.9 and -7.2, which are more radiogenic than the Greenland Group-hosted scheelite 
with εNdi between -7.2 and -13.1 (Fig. 4-9B). Additionally, the εNdi of granite-hosted scheelite 
grains overlaps with the age adjusted whole-rock compositions of the Dunphy Granite but the 
εNdi of Greenland Group-hosted scheelite grains are generally less radiogenic than the whole-
rock compositions of Greenland Group pelitic and psammitic lithologies (Fig. 4-9B). 
Greenland Group-hosted disseminated scheelite grains have a tight range of compositions 
that are generally less radiogenic than the vein-hosted scheelite. Analysis maps show that this 
variation not only occurs between grains but also within grains with differences of up to 6 
epsilon units (Fig. 4-9D - E).  
4.4.7 LA-ICPMS Sr Isotope Compositions 
4.4.7.1 Assessment of REE++ interferences 
A total of 89 LA-ICPMS Sr isotope analyses were conducted on samples from Canaan 
Downs and Batemans Creek. A notable feature of these results is that the 84Sr/86Sr invariant 
ratio diverges from the accepted value from 0 to +5 % in Canaan samples (except OU13940, 
which varies from +9 to +13%) and from -1 to +16% in the Batemans Creek samples after 
isobaric interference corrections have been applied during the data reduction. This is primarily 
because the instrument set-up and data reduction method used here does not account for 
mass-bias of the double charged Yb and Er (REE++). This was not an issue in the orogenic 
scheelite (Chapter 4) as the Sr/Er and Sr/Yb ratios were high enough that interference of 
REE++ was neglectable. Alternatively, Sr/Er and Sr/Yb compositions of Canaan and 





Batemans Creek samples are much lower (Sr/Yb 0.13 – 103 and Sr/Er 0.2 – 86) resulting in 
significant REE++ interferences on most of the monitored masses and particularly in BAT20A. 
The ultimate effect of not accounting for the mass-bias is that the REE corrected 
87Sr/86Sr ratio overestimates the true value, primarily because the Yb interference on mass 87 
is significantly underestimated and the combined effect of Yb and Er interferences on mass 
85 results in an underestimation of the 85Rb signal causing the Rb correction on mass 87 to 
be less than it should be. However, it is possible to estimate the mass-bias factor using an 
assumed REE++ production rate, the measured Sr/Er and Sr/Yb ratios and adjusting the f 
value of the mass bias factors: (M1/M2) f until the divergence of the simulated 84Sr/86Sr is equal 
to that observed in the measured samples e.g., approximately +16% in BAT20A. In BAT20A, 
which has the lowest Sr/Er and Sr/Er ratios (worst case), the resulting divergence of the 
REE++ mass-bias uncorrected 87Sr/86Sr is +2.5% if the REE++ production rate is set to 1.8%, 
as measured in pure Er solutions on other ICPMS (Ramos et al., 2004). So, for analyses in 
BAT20A, the results may require a correction of up to -2.5%. For example, most analyses in 
BAT20A have apparent 87Sr/86Sr compositions of around 0.713 which would correct to 0.695.  
However, it should be noted that the LA-ICPMS Sr isotope results for the large prismatic 
crystals at Canaan Downs are very similar to the TIMS results despite OU13940 having 
84Sr/86Sr compositions that diverge from the known value by approximately +9% (comparison 
shown in Fig. 4-10).  
4.4.7.2 Canaan Downs 
A total of 42 LA-ICPMS Sr isotope analyses were conducted on scheelite, epidote and 
plagioclase grains in samples from Canaan Downs. Only type-1 scheelite grains in CAN2A 
were analysed and all have similar compositions with 87Sr/86Sr that range between 0.70546 
and 0.70604 (Fig. 4-10). OU15013 and OU15014 are like CAN2A although OU15013 
analyses have slightly less radiogenic compositions with 87Sr/86Sr between 0.70531 and 
0.70563. These results are slightly more radiogenic than the whole rock compositions of 
Canaan Granodiorite and Rameka Gabbro when age adjusted to 351 Ma (Fig. 4-10). The 
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most radiogenic analyses were within OU13940, which have 87Sr/86Sr between 0.70775 and 
0.70834 and are slightly less  
 
radiogenic than the age adjusted whole-rock composition of the Arthur Marble and overlap the 
Onekaka Schist. 
4.4.7.3 Batemans Creek 
A total of 47 LA-ICPMS Sr isotope analyses were conducted on scheelite grains in 
samples from Batemans Creek. Dunphy Granite-hosted scheelite analyses have 87Sr/86Sr 
between 0.70833 and 0.71850 (average internal 2SE of 0.05%, 2SE = 2 x standard error), 
which is less radiogenic than Greenland Group-hosted scheelite (Fig. 4-11) with 87Sr/86Sr 
between 0.72209 and 0.73697 (average internal 2SE of 0.03%). Disseminated and vein 
scheelite have similar compositions in the Dunphy Granite and are slightly more radiogenic 
than the whole-rock composition of the granite and overlap the range of contact 
 
Figure 4-10: Sr isotope compositions of samples from Canaan Downs. All points except the filled circles are LA-
ICPMS results on scheelite (sch), epidote (epd) and plagioclase (plg) grains as indicated under sample names. As indicated 
on the x-axis, filled circles are the TIMS results for each of the large prismatic crystals (OU15013, OU15014, OU13940). The 
validity of the LA-ICPMS method is supported by the similar compositions measured by TIMS for each of the large prismatic 
crystals. The range of age-corrected (351 Ma) whole-rock compositions for the Rameka Gabbro and Canaan Granodiorite is 
shown by the red shaded box. The range of age-corrected whole-rock compositions for samples of the Arthur Marble Group, 
including the Arthur Marble, Onekaka Schist, and Pikikirunga Schist is shown by the violet shaded box. Exact compositions of 
the Arthur Marble and Onekaka Schist are shown by the arrows to the y-axis, Pikikirunga Schist compositions plot above the 
maximum extent of the y-axis. 
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metamorphosed Greenland Group compositions when age-adjusted to 368 Ma (Fig. 4-11). 
On the other hand, vein scheelite hosted in the Greenland Group have less radiogenic 
compositions than disseminated scheelite and both textural types overlap the range of 
Greenland Group greywacke and argillite whole rock compositions when age adjusted to 368 
Ma (Fig. 4-11). 
 
4.5 Discussion 
4.5.1 Field constraints on timing of scheelite mineralisation 
Although Canaan Downs is located within the Takaka Terrane and Batemans Creek is 
located within the Buller Terrane, the scheelite mineralisation at these two locations occurs 
 
Figure 4-11: Sr isotope compositions of samples from Batemans Creek. A: Ranges of LA-ICPMS 87Sr/86Sr 
compositions of disseminated (diss) and vein-hosted (vein) scheelite within the Greenland Group (GG) and Dunphy Granite 
(DG). Dashed lines indicate the maximum and minimum whole-rock, age-corrected (368 Ma) compositions of the Greenland 
Group (green lines) and Dunphy Granite (blue lines). B: Whole-rock, age-corrected 87Sr/86Sr compositions of Greenland Group 
argillite (arg), greywacke (gwy), pelitic hornfels (hfs-pel) and psammitic hornfels (hfs-psa) as well as the two Dunphy Granite 
samples (gr). The hornfels samples have anomalously low age-corrected compositions, especially the two pelitic samples, 
which plot below the Dunphy Granite. Black lines in the shaded boxes are positions of analyses conducted as part of this study 
whereas the grey lines are analyses of Greenland Group siltstone and argillite reported by Adams (2004) from the Waitahu 
River located approximately 10 km southwest of Batemans Creek. 
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within, or spatially associated with, Devonian granitoid intrusions. In the Buller Terrane 
scheelite mineralisation is also known at Barrytown (Palmer et al., 2021; Tulloch, 1986) and 
Doctors Hill (Mackenzie, 1983; Maxwell, 1989) and are closely associated to Devonian 
Karamea Suite granitoid intrusions. These intrusions were emplaced shortly after the docking 
of the Takaka and Buller Terranes, which suggests that a regional event of tungsten 
mineralisation may have been facilitated by the intrusion of these magmas. 
At Batemans Creek, mineralised veins have a similar orientation to one another (Fig. 
4-3) and the only occurrence of disseminated scheelite was observed within alteration zones 
adjacent to these veins, which suggests that the two textures represent the same scheelite 
mineralisation event. Additionally, the microtextures show no evidence for recrystallisation or 
alteration of scheelite (Fig. 4-4) and so the vein and disseminated scheelite likely represent a 
single event of mineralisation that occurred during or after the crystallisation of the granite 
pluton. The style of mineralisation has been described as greisen-like by Pirajno and Bentley 
(1985) and is similar to scheelite mineralisation present at Barrytown and Ngakawau. 
Greisenisation is described by Štemprok (1987) as post-magmatic, metasomatic alteration of 
granitoids, which results in the breakdown of biotite and feldspars to form new micas, quartz, 
topaz, fluorite or tourmaline along with introduction of Sn, W, Mo or Be. The time for the 
temperature of a pluton to equilibrate with the host rocks in a similar setting to the Dunphy 
Granite is likely less than 1 Ma (Nabelek et al., 2012). This is less time than the uncertainty of 
the U-Pb zircon date for the Dunphy Granite 368 + 7 Ma. Therefore, although the relative 
timing of scheelite mineralisation at Batemans Creek is after the solidification of the granite, 
the absolute timing is probably encompassed by the U-Pb zircon date.  
Scheelite mineralisation at Canaan Downs is also inferred to be genetically related to 
the intrusion of the Canaan Granodiorite and the timing of scheelite mineralisation inferred to 
be encompassed by the U-Pb zircon date of the granodiorite (351 + 5 Ma). This is because 
the field relationships show that the scheelite-quartz veins primarily occur within the 
granodiorite contacts (Fig. 4-1) and the style of mineralisation is greisen-like; tungsten and 
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silica have been concentrated and feldspar and amphibole grains in the wall rocks are variably 
replaced by chlorite and a white mica. In CAN2A, the T1 scheelite represent a primary phase 
of tungsten mineralisation, which was followed by the crystallisation of T1 muscovite and 
partial replacement of scheelite grains (Fig. 4-2D & F). Therefore, based on the field 
relationships and style of mineralisation, the timing of primary scheelite deposition is likely 
encompassed by the U-Pb zircon date of the Canaan Granodiorite at 351 + 5 Ma. On the other 
hand, the T2 scheelite possibly represent recrystalised grains that formed during deformation 
of T1 grains. This is supported by the presence of T1 scheelite grains with straight and 
undulous extinction (Fig. 4-2F & D respectively) along with the trails of T2 grains that cut 
across the T1 grains. Therefore, T2 scheelite likely does not represent a second event of 
tungsten input into the mineralising system but rather redistribution during recrystallisation.  
4.5.2 Controls on trace element and REE compositions 
There are many factors that control the compositions of hydrothermal minerals like 
scheelite, which include the fluid composition, wall-rock interaction, element speciation, 
temperature, pressure, pH, redox conditions, fluid-mineral partitioning, and co-precipitating 
mineral partitioning (Brugger et al., 2008; Brugger et al., 2000b; Hazarika et al., 2016; Poulin 
et al., 2018; Raimbault et al., 1993). Therefore, observing a variety of scheelite compositions 
from Canaan Downs and Batemans Creek implies that these parameters were not 
homogenous within the deposits. In fact, at Batemans Creek, the variations in scheelite 
compositions are clearly linked to the host rock type and scheelite textural context (Fig. 4-6), 
which is a contrast to orogenic type-2 scheelite deposits in the Otago Schist that tend to have 
more homogenous REE compositions regardless of structural or host rock settings (Chapter 
3). 
At Canaan Downs and Batemans Creek, the REE compositions of scheelite are 
generally unlike that of the host rocks. In both deposits the compositions tend to have n- to u-
shaped chondrite normalised patterns (Fig. 4-6). These n- to u-shaped patterns are present 
within orogenic scheelite from the Otago Schist (Chapter 3) and are a common feature 
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observed in scheelite from around the world within different deposit settings (Poulin et al., 
2018; Sciuba et al., 2019). As discussed in previous chapters, scheelite has a crystallographic 
preference for medium REE so the range of n- to u-shaped patterns can be explained by 
fractional crystallisation of scheelite from a fluid in a closed system. Therefore, fluid-scheelite 
partitioning is probably a significant control on the REE compositions in these two magmatic 
scheelite deposits. 
The variations in scheelite trace element and REE compositions at Batemans Creek 
are clearly linked to the host rock types. One interpretation of this could be that the host rock 
composition is a key control on scheelite compositions. However, this is complicated by the 
fact that scheelite mineralisation has likely occurred under different temperatures and 
pressures between the host rock settings. Bentley (1982) proposed that the scheelite 
mineralisation at Kirwan’s Hill was genetically related the Dunphy Granite but it must have 
occurred at a structurally shallower level (>1.5 km, Bentley, 1982; Robinson and Scott, 2019) 
as there is only weak evidence of biotite hornfels in the host rocks. This logic applies to 
scheelite in BAT24 as the unmineralised greywacke is typical chlorite zone Greenland Group 
that has not clearly been affected by contact metamorphism. As such, the contrasting 
compositions of Greenland Group-hosted scheelite to Dunphy Granite-hosted scheelite could 
reflect differences in the fluid composition or incorporation of elements into scheelite under 
lower temperatures and pressures.  
Scheelite compositions at Canaan Downs have a positive relationship between ∑REE 
and As, and scheelite compositions at Batemans Creek have a positive relationship between 
∑REE and Nb (Fig. 4-6E). These indicate that coupled substitution with these penta-valent 
cations may have played an important role in the incorporation of REE in these two deposits. 
Curiously, even though Na was measured to between 30 and 3200 ppm it shows no correlation 
with ∑REE, which is opposite of orogenic scheelite analysed from the Otago Schist. Arsenic 
can be transported in hydrothermal solutions as As3+ and As5+ species but the more oxidised 
As5+ species is required to substitute into the W6+ site. A similar situation applies to Mo where 
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the most oxidised Mo6+ species is required to directly substitute into the W6+ site. Therefore, 
the positive relationship between As and ∑REE at Canaan Downs (Fig. 4-5E) is indicative that 
the hydrothermal fluids were relatively oxidised, and this is supported by the presence of 
hematite in the veins and hematite and magnetite in the hydrothermally altered wall rock 
(CAN2B and 2D) adjacent to the scheelite mineralisation (Section 4.2.1). The subtle negative 
relationship between Eu* and Mo at Canaan Downs (Fig. 4-5D) may also reflect oxidising 
conditions as Eu2+ may substitute directly into the Ca site of scheelite, whereas Eu3+ requires 
a coupled substitution so the presence of a more positive Eu anomaly could be indicative of 
reducing conditions. Conversely the more oxidised Mo6+ may directly substitute into W site of 
scheelite whereas reduced oxidation states cannot; therefore, the weak negative relationship 
between these two elements may reflect more oxidising conditions. Such relationships have 
been shown to broadly differentiate scheelite compositions between orogenic and magmatic 
related deposits from around the world (Poulin et al., 2018); however, Brugger et al. (2008) 
point out that the Eu2+/Eu3+ composition of scheelite can be strongly dependant on pH, 
temperature, pressure, fluid compositions and wall rock interaction.  
4.5.3 Isotope compositions 
4.5.3.1 Controls on isotopic variability.  
At Canaan Downs and Batemans Creek scheelite analyses have a range of Sm, Nd 
and Sr isotope compositions from the deposit to the grain scale. Much of the variation in Sm 
and Nd isotopes can be attributed to radioactive decay of 147Sm to 143Nd, which is why broadly 
positive relationships are observed on the isochron diagrams (e.g., Fig. 4-8A and Fig. 4-9A). 
However, the results do not make up statistically significant linear trends as shown by the high 
MSWDs and therefore the calculated isochron ages are not reliable and additional factors 
must have caused the observed variations. Either the initial isotope compositions of the 
scheelite were variable or post-mineralisation processes have reopened the isotopic system 
and perturbed the scheelite compositions. The in-situ results support the first option because 
analyses within single grains that are visibly not affected by recrystallisation or alteration show 
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variations in 143Nd/144Ndi that are greater than could be possible from radioactive decay of 
147Sm over a 350 Ma or 368 Ma period – the maximum possible age for scheelite at Canaan 
Downs or Batemans Creek respectively (Fig. 4-8A, C and 4-9A, E).  
To investigate this further, it is helpful to assume that the timing of scheelite 
mineralisation is encompassed by the U-Pb zircon date of the host granitoids (see Section 
4.5.1). With this in place, the age-corrected isotope compositions of scheelite at Canaan 
Downs and Batemans Creek can be compared to the host rock compositions. At Canaan 
Downs, the scheelite compositions plot between the Canaan Granodiorite and Arthur Marble 
compositions (Fig. 4-8B), which indicates that the isotopic variation is probably due to variable 
inputs of Sm and Nd from these two isotopically distinct host rock sources. This initial isotopic 
variability is also reflected in the Sr isotope compositions, which plot between the age-
corrected host rock compositions of the Arthur Marble and Canaan Granodiorite (Fig. 4-10). 
The host rocks identified immediately adjacent to scheelite at the CAN2A sample location only 
consist of hydrothermally altered granodiorite (CAN2B and CAN2D), and so for a mixed 
isotopic signature to be present, the fluids must have circulated through and interacted with 
bodies of marble prior to scheelite deposition at this site. Therefore, as there are blocks of 
Arthur Marble mapped within the extents of the Canaan Granodiorite (Fig. 4-1), this process 
could represent redistribution of elements at scale-magnitudes of 1 meter or more.  
The reason for variable isotopic compositions at Batemans Creek is also likely due to 
variable mixing of isotopically distinct sources but the story is slightly different. In the Dunphy 
Granite, if the scheelite mineralisation formed from residual fluids derived from the 
crystallisation of the granite, then the initial isotopic composition of scheelite should be 
homogenous and the same as the bulk composition of the granite. However, only two of the 
four Nd analyses in BAT20A overlap the granite composition whereas the other two are more 
and less radiogenic (Fig. 4-9B). As BAT20A was collected ~40 meters from the inferred 
contact with the Greenland Group, the less radiogenic analysis could represent some 
contribution from the Greenland Group. This is possible because the Dunphy Granite whole-
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rock isotopic compositions represent between 65 and 85% crustal assimilation (Muir et al., 
1996b).  The analysis that is more radiogenic than the Dunphy Granite is anomalous but the 
reported range of Dunphy Granite is based on one whole-rock analysis and so it may be 
possible that the full range of whole-rock isotopic compositions are not represented. 
Alternatively, Brugger et al. (2002) attributed anomalously high εNdi in scheelite to the 
presence of hydroxyl-bastnasite within fractures that likely formed during alteration by 
meteoric fluids near Earth’s surface. This could easily be the case for the disseminated 
scheelite grains analysed in BAT20, as the surface areas of grains were only just large enough 
to accommodate the 193 μm beam diameter (Fig. 4-9C) and so the sample volume may have 
easily incorporated minerals that formed within microfractures or along the grain boundaries 
below the surface of the scheelite grains.  
 The Sr isotope compositions are slightly more radiogenic than the age-corrected bulk 
rock granite composition, which is unexpected for residual mineralising fluids derived from the 
crystallisation of the granite as suggested by the style and structural context of the 
mineralisation (Section 4.5.1). These elevated Sr isotope compositions could represent 
mixing of components from the more radiogenic Greenland Group host rocks, which would 
require that fluids were circulating between the granite stocks and the metasedimentary rocks. 
However, if this was the case, disseminated scheelite should be more similar to the whole-
rock granite compositions when compared to the vein scheelite (Fig. 4-11). More likely, this 
reflects an analytical issue as scheelite grains in BAT20A have very low Sr/Er and Sr/Yb ratios, 
but the data reduction did not account for mass-bias as part of the REE++ interference 
correction. As discussed in section 4.4.7.1, a correction of up to -2.5% was estimated for 
analyses in BAT20A, which would shift the compositions from 0.713 to 0.695, which is less 
radiogenic than the age-corrected whole-rock analysis the Dunphy Granite and is 
unreasonably low. However, this represents the worst case estimate, and it is possible that if 
the measurements were repeated and the mass-bias correction was applied correctly that the 
scheelite compositions could overlap with the granite compositions. 
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In the Greenland Group, the disseminated scheelite grains have less radiogenic age-
corrected Nd isotope compositions and more radiogenic Sr isotope compositions compared 
to the vein-hosted scheelite. This indicates that the degree of wall-rock interaction is a primary 
factor that determines the initial isotope composition of scheelite in the Greenland Group. For 
Nd isotopes, the age-corrected bulk composition of the Greenland Group is relatively 
homogenous regardless of lithology; however, variations in εNdi of scheelite analyses occur 
at the sub-millimetre scale within individual grains and most analyses are less radiogenic than 
the host rock compositions (Fig. 4-9B, D & E). This is most likely caused by the preferential 
breakdown of REE-bearing minerals with low 143Nd/144Nd ratios and is supported by the lower 
average εNdi of disseminated scheelite grains compared to vein-hosted grains (Fig. 4-9). 
Disseminated grains should represent mineralisation from fluids that have equilibrated with 
lower fluid/rock ratios and so that the relative contribution of REE from the wall rock may be 
greater in fluids that have infiltrated the wall rocks than fluids in the veins, which can dilute 
wall-rock components and more effectively mix isotopically distinct volumes of fluid. In the 
Greenland Group this could be caused by hydrothermal breakdown of detrital monazite - a 
mineral that preferentially incorporates light REE (and low Sm/Nd ratios) into its crystal lattice 
and is likely a common REE mineral host within the Greenland Group metasedimentary rocks 
(Irel and Gibson, 1998; Nathan, 1976). The Sr isotope compositions overlap with the range of 
bulk argillite and greywacke compositions. The disseminated scheelite have more radiogenic 
compositions than the vein-hosted scheelite (Fig. 4-11), which again indicates that the degree 
of fluid-rock interaction is likely a primary factor that results in isotopic variability. Most whole-
rock analyses presented here have compositions that are more radiogenic than the 
disseminated scheelite. This means that the composition of the vein-hosted scheelite may 
represent mixing of Sr, derived partly from the Dunphy Granite and partly from the Greenland 
Group wall rock.   
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4.5.3.2 Anomalous whole-rock hornfels Sr isotope compositions 
The whole-rock Sr isotope compositions of Greenland Group hornfels rocks have age-
corrected Sr isotope compositions that range between 0.72 and 0.68 (Fig. 4-11), which are 
anomalously low because the composition of any mid-Paleozoic crustal rock should be greater 
than ~0.703 (Armstrong, 1968; Armstrong and Hein, 1973). Also, mid-Palaeozoic upper 
mantle rocks must have compositions above approximately ~0.701 and so the age-corrected 
Sr isotope compositions of the hornfels rocks are not realistic. This is likely not an analytical 
issue as two samples each of pelitic and psammitic hornfels produced similar results. The 
most likely reason for this is that the Rb/Sr was significantly increased at some time after 
contact metamorphism resulting in a non-linear Sr isotope evolution since contact 
metamorphism. It is unclear what process could have caused this as it appears to have only 
affected the hornfels rocks therefore a regional thermal or metasomatic event that occurred 
after contact metamorphism is unlikely. 
4.6 Conclusions 
Elemental and isotopic compositions of scheelite from Canaan Downs and Batemans 
Creek were determined using LA-ICPMS. Found that the trace element and REE compositions 
vary according to host rock compositions and the textural context of the scheelite (vein vs 
disseminated). It is considered that these variations reflect varying fluid composition and 
physiochemical conditions (temperature, pressure, and oxidation state) at the scheelite 
depositional site. The Sr, Sm and Nd isotopic compositions of scheelite from both deposits 
appear to represent mixtures between isotopically distinct sources. In the case of Canaan 
Downs, the scheelite compositions suggest that the magmatic-derived fluids had variably 
interacted with and acquired some REE and Sr from the Arthur Marble. At Batemans Creek, 
the isotopic compositions of scheelite hosted in the Dunphy Granite were similar to the whole-
rock compositions of the granite, which indicates that the mineralising fluids had derived Sr 
and Nd only from the granite. On the other hand, Nd isotope compositions of scheelite within 
the Greenland Group are mostly less radiogenic than the whole-rock compositions of the 
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Greenland Group and it is suggested this reflects sourcing of REE by preferential breakdown 
of REE-bearing minerals. Conversely Sr isotope compositions suggest that Sr has been partly 
imported from the Dunphy Granite and partly derived from hydrothermal alteration of the 
Greenland Group metasedimentary rocks. The variations in initial Nd isotope composition in 
these two deposits shows that dating of scheelite mineralisation was not possible with the Sm-




5 Fluid Inclusions 
5.1 Introduction 
Fluid inclusions can provide direct constraints on the pressure, temperature and 
salinity of fluids from which a scheelite grain formed. This is because small amounts of fluid 
may become trapped within and between the minerals as they crystalise from a hydrothermal 
fluid  (commonly 5-20 micrometres in diameter, Bodnar et al., 2014). At room temperature fluid 
inclusions may contain a number of solid, liquid and vapour phases that are typically assumed 
to have been a homogenous mixture at the conditions of trapping. Therefore, by incrementally 
heating a sample and observing the temperature of homogenisation it may be possible to infer 
a minimum temperature of mineralisation. Additionally, insights into the composition of the 
fluid may be provided by cooling the sample to -200 oC and observing phase transitions that 
occur during controlled warming back to room temperature. Such freezing experiments are 
commonly used to estimate the salinity and CO2 content of the fluids but may also indicate the 
presence of other components such as methane. 
It is best practice to identify fluid inclusion assemblages (FIA), which are groups of 
inclusions that have been trapped at the same time. These should be classified as primary or 
secondary based on the textural context. Primary fluid inclusions are trapped during growth of 
a mineral from a hydrothermal fluid and are normally identified as groups of inclusions that 
follow growth bands in the crystal (Bodnar et al., 2014). Secondary fluid inclusions are trapped 
during post-mineralisation processes such as deformation and recrystallisation and are 
normally identified as groups of inclusions along fracture planes or between grain boundaries 
(Bodnar et al., 2014). It is necessary to identify FIA as all inclusions within a given FIA should 
have similar compositions and give similar results during microthermometry experiments, if 
not that indicates that post-entrapment modification of the fluid inclusions has occurred, which 
renders the results unreliable. 
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In this chapter, the results of petrographic and microthermometric investigations of fluid 
inclusions within quartz and scheelite from magmatic-related scheelite mineralisation at 
Canaan Downs (CAN), Batemans Creek (BAT) and Barrytown (BTY) and orogenic scheelite 
from Boanerges Peak, Southern Alps (BNG) were investigated in an attempt to gain insights 
into the composition and conditions of the hydrothermal fluids that have moved through these 
deposits. This was not entirely successful because no reliable primary fluid inclusions or FIA 
were identified, despite extensive searching.  
5.2 Methods 
Samples were initially selected and made into double-polished rock wafers >100 μm 
thick at the University of Otago. During preparation, care was taken to avoid exposing the 
samples to temperatures above 50 oC. Petrographic investigation of 21 thin sections was 
conducted within the Fluid Inclusion Laboratory at the University of Alberta during September 
and October 2019. This was done at room temperature using an Olympus BX50 microscope 
with an x-y microscope stage that identified samples best suited for microthermometry work. 
The most suitable fluid inclusions were selected based on size, morphology, optical clarity, 
textural association (primary, secondary, or undetermined) and composition. Areas of wafers 
containing suitable fluid inclusions were cut down to 2 mm squares so that they could be 
loaded into a Linkam THMSG600 heating/freezing stage. Prior to conducting heating-freezing 
experiments, the heating-freezing stage was calibrated to synthetic H2O and H2O-CO2 
inclusions with known ice-melting and homogenisation temperatures. Heating freezing 
experiments were repeated up to 5 times for each fluid inclusion unless it decrepitated. Based 
on repeated measurements, the precision of ice melting temperatures were around +1 oC. 
Freezing experiments were conducted on all samples prior to heating experiments and 
involved reducing the temperature to -200oC then observing phase changes during controlled 
warming up to +30oC. Heating experiments were then carried out up to +320oC but often ended 
due to decrepitation of the FIs (explosion or mass-loss due to over pressurisation) before 
homogenisation temperatures were observed. NaCl equivalent salinities for inclusions without 
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CO2 were calculated according to equation 2 in Potter et al. (1978). Compositions of CO2-
bearing inclusions were calculated using the excel program developed by Steele-MacInnis 
(2018).  
5.3 Results 
Despite extensive searching, petrographic investigations yielded no definite primary 
FIA after 2 weeks of wafer mapping, which involved scanning all wafers between 4X and 40X 
magnification. Rare, isolated fluid inclusions with negative crystal shapes were identified in 
some samples but always had inconsistent phase-transition temperatures within a wafer. FIA 
located along fracture planes with shapes that ranged from negative crystal shapes (e.g., 
largest inclusion in BTY7Ab Fig. 5-1) to elongate- or equant-rounded.  were abundant in 
scheelite and quartz of all samples. Rare fluid inclusions with very good optical clarity were 
identified in several samples (Fig. 5-1).  
Fluid inclusions selected for microthermometry work were between 3 and 30 um in 
diameter and included a variety of fluid inclusion types, although most were liquid-rich with 
one or two vapour phases and minor to no solids at room temperature (Fig. 5-1). Other types 
of fluid inclusion were observed, but due to poor optical clarity were not included in the 
microthermometry experiments. A simplistic summary of the phase-transition observations 
during microthermometry experiments for fluid inclusions in each sample is presented in Table 
5-1 (complete data-set available in Appendix).  
At Boanerges Peak all inclusions investigated were 2 phase 1vapour-1liquid 
inclusions. Only inclusions in quartz were investigated as scheelite grains were too opaque in 
100 μm thick wafers and attempts to reduce the wafer thicknesses to 30 μm did not 
significantly improve scheelite clarity. Ice melting was observed at -0.6 oC in three inclusions 
in BNG6Ac, which corresponds to salinity of 1 wt% NaCl equivalent. In BNG3Ad only one 
inclusion showed ice melting at -3.8 oC, which corresponds to a salinity of 6.1 wt% NaCl 
equivalent; however, most of the inclusions were very small (2 – 10 μm long diameter) and so 
it was difficult to observe phase transitions. Upon freezing, however, the vapour bubble 
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disappeared and with warming would reappear at 2.5 + 1 oC. This was attributed to metastable 
ice melting as there was no clear evidence of CO2 in these inclusions. With heating 
experiments, all inclusions decrepitated between 110 and 130 oC before homogenisation was 
observed.  
At Canaan Downs most inclusions investigated in CAN2Ai were three phase, liquid-
rich, solid-liquid-vapour inclusions; however, it should be noted that a significant number of 
inclusions within scheelite were solid-rich (visual estimates of up to 80% solid content) but 
were not investigated further as the solids were considered to be trapped and therefore the 
fluid inclusion compositions were not considered representative of a hydrothermal fluid. Ice 
melting temperatures were -2.7 + 0.4 oC (Table 5-1), which corresponds to a salinity of 4.5 + 
0.6 wt% NaCl equivalent. The composition of the solids were unknown but with warming up to 
250 oC they did not homogenise into the fluid. Homogenisation of the vapour and liquid phases 
was observed in 4 out of 17 inclusions between 184 and 201 oC. The other inclusions 
decrepitated at temperatures between 150 and 230 oC. 
At Batemans Creek, inclusions were investigated from a scheelite-bearing vein hosted 
within the Dunphy Granite (BAT20Aj) and a scheelite-bearing vein hosted within the 
Greenland Group (BAT24Ac). In BAT20Aj the inclusions were liquid-rich 3 phase 1solid-
1liquid-1vapour and 4 phase 2solid-1liquid-1vapour or 1solid-1liquid-2vapour inclusions. Due 
to challenges with the small size of the inclusions and optical clarity, the observation of phase 
transitions was difficult to observe and so the data set was patchy. However, four of the 7 
inclusions investigated clearly showed clathrate melting between 6.3 and 7.5 oC, and CO2 
homogenisation to the liquid phase between 14.6 and 16.5 oC. Two of these inclusions showed 
liquid-vapour homogenisation at approximately 290 oC and the other two decrepitated at 175 
oC. Using the values presented in Table 5-1 and an arbitrary homogenisation temperature of 
280 oC, the calculated salinity is 5.6 wt% NaCl equivalent with a CO2 content of 10.8 mol%. 
An anomalous solid phase melted at 11 oC in the other three inclusions that had consistent 




Figure 5-1: Photomicrographs of the best examples of fluid inclusions within scheelite. BAT24Ac – group of Fluid 
inclusions, BTY7Ab – trail of Fluid inclusions with ovate to negative crystal shapes. BAT20Aj + CAN2Ai – Fluid inclusions 
located along fracture planes. V = vapour, L = liquid, S = solid phases. 
 
were generally 2 phase, liquid-rich, liquid-vapour. Phase transitions were difficult to observe 
but one liquid-rich, 1solid-1liquid-1vapour inclusion showed final ice melting at -12 oC, which 
corresponds to a salinity of 16 wt% NaCl equivalent. Three other inclusions showed clathrate 
melting between 6.9 and 7.4 oC and homogenisation of CO2 to the liquid phase in metastable 
absence of clathrate at 4.3 oC in one inclusion and anomalous temperatures of 0.0 oC and -
3.5 oC in the other two inclusions. During heating experiments, most inclusions decrepitated 
between 200 and 265 oC although two decrepitated between 100 and 200 oC and liquid-vapour 
homogenisation of one inclusion was observed at 313 oC. Using clathrate melting at 7.4 oC 
and homogenisation of CO2 to the liquid phase at 4.3 oC with an arbitrary homogenisation 




Table 5-1: Simplistic summary of fluid inclusion data for each sample. Tm = mean final ice melting temperature, Tm, 
clath = final clathrate melting temperature, Th = homogenisation temperature, SD = 1 standard deviation, * = metastable ice 
melting temperature, > = decrepitation temperature – minimum homogenisation temperature, CG = Canaan Granodiorite, OS = 
Otago Schist, GG = Greenland Group, DG = Dunphy Granite, BG = Barrytown Granite. 
 
equivalent and CO2 content of 11.0 mol%. Varying the homogenisation temperature by + 50 
oC changes the CO2 content by approximately 3 mol% without affecting the salinity. 
Fluid inclusions investigated in two samples from Barrytown had 2, 3 and 4 phase fluid 
inclusions but were mostly fluid-rich 2 phase liquid-vapour inclusions. Freezing experiments 
yielded final ice melting temperatures of -2.3 + 0.4 for 4 inclusions in BTY7Ab and -2.1 + 0.1 
for 6 inclusions in BTY6Ac and correspond to salinities between 3.5 and 3.9 wt% NaCl 
equivalent. One inclusion showed melting of a solid at 2.5 oC but it is uncertain what this relates 
to. Liquid-vapour homogenisation temperature of two inclusions was observed at 184 and 204 
oC but all other inclusions decrepitated between 184 and 250 oC.  
 
5.4 Discussion 
As the isolated fluid inclusions with negative crystal shapes did not have consistent 
phase transition temperatures in all samples, it is not possible to rule out post-entrapment 
modification; so even if these represent primary inclusions, the results obtained may not be 
representative of the hydrothermal fluids during mineralisation. All other FIAs were present 
along fracture planes in scheelite or quartz and so likely represent secondary FIAs however, 
it is possible that some have trapped fluids with similar compositions and under similar 
conditions to the scheelite mineralising fluids, but this is impossible to know for certain. Also, 
Sample FI Host Host Rock Tm + SD Tm, clath Th, CO2  To L/V Th  
CAN2Ai Sch CG -2.7 + 0.4 - - - >188 
BNG6Ac Qtz OS -0.6 + 0 - - - >130 
BNG3Ad Qtz OS 2.8* + 1.0 - - - >111 to >130 
BAT24Ac Sch GG - 7.4 -3.5 to 4.3 L >200 to 310 
BAT20Aj Sch DG - 6.6 16.5 L >175 to 290 
BTY7Ab Sch BG -2.3 + 0.4 - - - >180 to >250 
BTY6Ac Sch BG -2.1 + 0.1 - - - 184 to >230 
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the phase transition results were often not consistent within each FIA so the relevance of the 
results to scheelite mineralisation remains uncertain. However, preliminary, and broad insights 
into the composition and conditions of fluids that have moved through these deposits, during 
or after scheelite mineralisation, can be made.  
The calculated salinities of fluid inclusions in quartz from Boanerges Peak are around 
1 wt% NaCl equivalent and homogenisation temperatures for Fluid inclusions in scheelite from 
Boanerges Peak are above 110 oC. Similar decrepitation temperatures and calculated 
salinities are reported for primary fluid inclusions in quartz from metamorphogenic veins at 
Lake Hawea (Smith and Yardley, 1999). Smith and Yardley (1999) also reported metastable 
ice melting in some inclusions and suggested that this indicates post-entrapment modification 
of the fluid inclusions likely during exhumation of the schist. Therefore, the similarities in 
properties of fluid inclusions from Boanerges Peak to primary fluid inclusions at Lake Hawea 
suggests that the mineralising fluids and conditions were similar. Mineralisation conditions for 
similar veins in Otago were constrained to 350 – 400 oC and 4.1 – 6.0 kbar (Smith and Yardley, 
1999).  
Magmatic fluid inclusions in scheelite from Canaan Downs, Barrytown and Batemans 
Creek have calculated salinities and homogenisation or decrepitation temperatures that are 
higher than orogenic scheelite inclusions at Boanerges Peak. The shapes of the inclusions 
and the elevated salinities indicate that the fluids were derived from and trapped at depth 
although it is not possible to rule out some component of meteoric water. Magmatic fluids tend 
to have higher salinities when compared to metamorphic fluids (Goldfarb and Groves, 2015; 
Van Daele et al., 2018; Wilkinson, 2001) however, the range of salinities observed in the New 
Zealand deposits are relatively low (3.5 to 5.6 wt% NaCl equivalent) compared to the range of 
salinities in primary fluid inclusions from tungsten-tin deposits around the world (5 - 40 wt% 
NaCl equivalent, Wilkinson, 2001). Additionally, CO2-bearing brines, similar to those observed 
in inclusions from Batemans Creek, are typical of hydrothermal fluids related to magmatic 
intrusions (Wilkinson, 2001). The homogenisation or decrepitation temperatures were 
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generally between 200 and 300 oC and may indicate a lower limit on the temperature that 
mineralisation occurred.  
5.5  Conclusion 
No reliable primary fluid inclusions were identified in all samples investigated however, 
FIA along fractures were common and probably represent secondary fluid inclusions. Fluid 
inclusions in quartz from orogenic scheelite mineralisation at Boanerges Peak have similar 
properties to inclusions at Lake Hawea and are inferred to have formed under similar 
conditions of 350 – 400 oC and 4.1 – 6.0 kbar. Fluid inclusions investigated in scheelite from 
magmatic deposits at Canaan Downs, Barrytown and Batemans creek have salinities between 
3.5 to 5.6 wt% NaCl equivalent, higher than orogenic inclusions at Boanerges Peak and 
inclusions at Batemans Creek also contained around 10 mol% CO2, which is broadly similar 
to magmatic derived fluids elsewhere. However, as these inclusions were measured in 
secondary FIAs they probably represent fluids that have moved through these deposits at 
some time after scheelite mineralisation. Minimum temperatures of fluid inclusion entrapment 






 This thesis has examined the grain-scale trace element and isotopic compositions of 
magmatic and orogenic scheelite from deposits within the South Island of New Zealand.  
Chapter 2 showed that in-situ laser ablation split stream- inductively coupled plasma 
mass spectrometry (LASS-ICPMS) can be used to broadly date the timing of Paleozoic 
scheelite mineralisation using the Sm-Nd isochron method if the concentration of Nd is greater 
than 100 ppm and there is suitable variation in Sm/Nd ratio. This was successfully applied to 
scheelite mineralisation at Barrytown (Westland) but, due to the relatively young age of the 
deposit and hence limited 143Nd/144Nd variation, analyses of scheelite grains across the 
outcrop scale were required to produce statistically significant isochrons. However, this 
method was also tested on Archean scheelite from the Young-Davidson gold mine in Canada 
and it was found that the range in Sm/Nd ratios combined to the time-integrated accumulation 
of 143Nd was easily sufficient to produce a geologically reasonable isochron age from multiple 
analyses across a single scheelite grain. While the method will not precisely date a deposit, it 
can provide “ballpark” constraints on the age of mineralisation and could be a useful 
exploration tool. 
Chapter 3 revealed the evolving REE and Sr isotope compositions of orogenic 
scheelite between “Type 1” and “Type 2” deposits in the Otago Schist in New Zealand. This 
chapter utilised trace element and in-situ Sr isotope data from the literature as well as new 
and more detailed data from Boanerges Peak in the central Southern Alps to reveal grain-
scale controls on scheelite trace element compositions. Heterogenous compositions and Sr 
isotope ratios of scheelite in Type 1 deposits, which are typically minor deposits, represent 
localised mobilisation of elements by fluids generated at shallow levels in the crust. These 
deposits are sulphide-poor and free of gold. The more homogenous compositions of scheelite 
in the Type 2 deposits, such as Glenorchy or Macraes, which are sulphide-rich and contain 
variable amounts of gold, reflect the greater mobility of elements by metamorphic fluids that 
were generated at deeper levels along the greenschist-amphibolite faces boundary. 
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Acquisition of in-situ Nd isotopes is limited in the orogenic deposits because of the low Nd 
concentrations (commonly < 100 ppm). Currently the only method of using Nd isotopes to date 
a scheelite deposit in the Otago Schist orogenic would be to characterise grains and then 
microdrill them and undertake column chemistry to concentrate the Nd.  
Chapter 4 presented two case studies of the trace elements and Sr and Nd isotopes 
of two magmatic deposits (Canaan Downs and Batemans Creek) in the Western Province of 
New Zealand. Both deposits were dated by zircon U-Pb (which revised the age of the Canaan 
Granodiorite from Cretaceous to Carboniferous), but the Sm-Nd isotope compositions of 
scheelite were unsuitable for dating by the isochron method. However, it was shown that the 
trace element and isotopic compositions these scheelite deposits were primarily controlled by 
variable degrees of wall-rock interaction and therefore provide insights into the pathways of 
hydrothermal fluid during mineralisation. These data show that the scheelite largely inherited 
their trace element and isotopic compositions from the nearby proximal wall rock but that 
components from other reservoirs can be identified. 
Chapter 5 reported the results of petrographic and microthermometric investigations 
of fluid inclusions in scheelite and quartz from New Zealand magmatic and orogenic scheelite 
in an attempt to constrain the composition and conditions of the mineralising fluids. Although 
these grains contain abundant fluid inclusions, none could be undoubtably characterised as 
primary fluid inclusions despite extensive searching. Instead, it is clear that scheelite is 
capable of hosting many secondary inclusions formed during modification of the grains. These 
occur along grain boundaries and in cracks and tend to consist of dilute brines (< 6 wt% NaCl 
equivalent) with or without CO2. They may be related to the magmatic systems, but this could 
not be unequivocally established.  
In conclusion, scheelite is a powerful mineral for offering information about 
mineralisation systems. It is capable of dating deposits if suitable conditions are met, and the 
ability to sequester REE and Sr and Nd mean that it should offers insights into the paragenesis 
of mineralising systems providing the minerals can be characterised at the grain-scale. Future 
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research into tungsten mineralisation in New Zealand may include an attempt to date the 
timing of orogenic scheelite in the Type 1 and Type 2 scheelite mineralisation by TIMS 
analyses of micro drilled samples from scheelite grains. Further investigation into the source 
of tungsten in the magmatic deposits may also be warranted. For example, identifying other 
possible W-bearing phases in the host rocks such as titanite, rutile and biotite. Additionally, 
investigations into the composition of mineralising fluids could be carried out using Raman 
Spectroscopy Microthermometry id scheelite samples with primary fluid inclusions are can be 
found.  
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A. Sample List 
Table A-1: Table of all samples used in this thesis and analyses carried out. WR = Whole Rock, TS = Thin Section, EM = epoxy mount 
Location 
OU 



































Boanerges 86842 BNG1Aa E 1340717, N 5126304 TS Scheelite bearing quartz vein     ✓   ✓  
 86843 BNG1Ba E 1340717, N 5126305 TS Scheelite bearing quartz vein     ✓   ✓  
 86844 BNG3A E 1340629, N 5125891 WR Argillite adjacent to vein edge     ✓   ✓  
 86845 BNG3Aa E 1340629, N 5125891 TS Scheelite bearing quartz vein   ✓       
 86846 BNG4Aa E 1340593, N 5125935 TS Scheelite bearing quartz vein     ✓   ✓  
 86847 BNG5Aa E 1340527, N 5125874 TS Scheelite bearing quartz vein     ✓   ✓  
 86848 BNG6A E 1340527, N 5125874 WR Greywacke adjacent to vein edge     ✓   ✓  
 86849 BNG6Aa E 1340527, N 5125874 TS Scheelite bearing quartz vein   ✓       
 86850 BNG7A E 1340396, N 5126047 WR Argillite ✓ ✓ ✓ ✓      
 86851 BNG7B E 1340396, N 5126047 WR Greywacke ✓ ✓ ✓ ✓      
 86852 BNG8A E 1340396, N 5126047 WR Argillite ✓ ✓ ✓ ✓      
 86853 BNG8B E 1340396, N 5126047 WR Greywacke ✓ ✓ ✓ ✓      
 86854 BNG9A E 1340458, N 5126215 WR Argillite ✓ ✓ ✓ ✓      
 86855 BNG9B E 1340458, N 5126215 WR Greywacke ✓ ✓ ✓ ✓      
 86856 BNG10A E 1337923, N 5126235 WR Argillite greenschist ✓ ✓ ✓ ✓      
 86857 BNG10B E 1337923, N 5126235 WR Greywacke greenschist ✓ ✓ ✓ ✓      
Batemans 86858 BAT4A E 1518496, N 5343206 WR Hornfels (greywacke) ✓ ✓ ✓ ✓      
 86859 BAT8A E 1518292, N 5343331 WR Hornfels (argillite) ✓ ✓ ✓ ✓      
 86860 BAT11 E 1518459, N 5343336 WR Unaltered granite   ✓ ✓      
 86861 BAT14A E 1518270, N 5343394 WR Hornfels (argillite) ✓ ✓ ✓ ✓      
 86862 BAT18 E 1518459, N 5343336 WR Greisen granite   ✓ ✓      
 86863 BAT19A E 1518903, N 5342666 WR Granite ✓ ✓ ✓ ✓      
 86864 BAT20A E 1518897, N 5342637 WR Vein aureole   ✓ ✓      
 86865 BAT20A E 1518897, N 5342637 WR Vein (with representative sch)   ✓ ✓      
 86866 BAT20Aa E 1518907, N 5342655 TS 
Scheelite bearing quartz tourmaline 
vein 
    ✓  ✓ ✓  








































 86868 BAT20Ac E 1518907, N 5342655 TS Disseminated scheelite     ✓   ✓  
 86869 BAT20Ad E 1518907, N 5342655 TS Disseminated scheelite     ✓     
 86870 BAT20Af E 1518907, N 5342655 TS 
Scheelite bearing quartz tourmaline 
vein 
    ✓     
 86871 BAT20Ag E 1518907, N 5342655 TS 
Scheelite bearing quartz tourmaline 
vein 
    ✓     
 86872 BAT20Ah E 1518907, N 5342655 TS Disseminated scheelite     ✓  ✓ ✓  
 86873 BAT22A E 1518844, N 5342591 WR Granite ✓ ✓ ✓ ✓     ✓ 
 86874 BAT23A E 1518676, N 5341733 WR Hornfels (Greywacke) ✓ ✓ ✓ ✓      
 86875 BAT24 E 1518920, N 5342178 WR Tourmalinised greywacke   ✓ ✓      
 86876 BAT24 E 1518920, N 5342178 WR Vein (with representative sch)   ✓ ✓      
 86877 BAT24 E 1518920, N 5342178 WR Greywacke adjacent to vein edge   ✓ ✓      
 86878 BAT24Aa E 1518920, N 5342178 TS 
Scheelite bearing quartz tourmaline 
vein 
    ✓  ✓ ✓  
 86879 BAt24Ab E 1518920, N 5342178 TS Disseminated scheelite     ✓  ✓ ✓  
 86880 GG Arg E 1513020, N 5345781 WR Argillite  ✓ ✓ ✓ ✓      
 86881 GG Grey E 1513020, N 5345781 WR Greywacke ✓ ✓ ✓ ✓      
Canaan Downs 86882 CAN2A E 1591711, N 5469036 TS Scheelite bearing quartz vein          
 86883 CAN2Aa E 1591711, N 5469036 TS Scheelite bearing quartz vein     ✓  ✓ ✓  
 86884 CAN2Ab E 1591711, N 5469036 TS Scheelite bearing quartz vein     ✓  ✓   
 86885 CAN2Ac E 1591711, N 5469036 TS Scheelite bearing quartz vein     ✓     
 86886 CAN2Ad E 1591711, N 5469036 TS Scheelite bearing quartz vein     ✓  ✓   
 86887 CAN2Ae E 1591711, N 5469036 TS Scheelite bearing quartz vein     ✓   ✓  
 86888 CAN2Af E 1591711, N 5469036 TS Scheelite bearing quartz vein     ✓   ✓  
 86889 CAN2Ag E 1591711, N 5469036 TS Scheelite bearing quartz vein     ✓  ✓   
 86890 CAN2B E 1591711, N 5469036 WR Hydrothermally altered granodiorite   ✓ ✓      
 86891 CAN2Ba E 1591711, N 5469036 WR Hydrothermally altered granodiorite        ✓  
 86892 CAN2D E 1591711, N 5469036 WR Hydrothermally altered granodiorite   ✓ ✓     ✓ 
 86893 CAN3A E 1591599, N 5468931 WR Granite ✓ ✓ ✓ ✓      
 86894 CAN3Aa E 1591599, N 5468931 WR Granite        ✓  







































 86896 CAN4Aa E 1590111, N 5465953 WR Granite        ✓  
 86897 CAN5A E 1590111, N 5465953 WR Granite ✓ ✓ ✓ ✓      
 86898 CAN6A E 1590763, N 5461663 WR Marble ✓ ✓ ✓ ✓      
 15013 N/A N/A EM Large prismatic scheelite crystal     ✓ ✓ ✓ ✓  
 15014 N/A N/A EM Large prismatic scheelite crystal     ✓ ✓ ✓ ✓  




E 1594649, N 5458202 WR Biotite-muscovite schist ✓ ✓ ✓ ✓      
 86900 Piki 1 E 1588040, N 5458158 WR Garnet biotite muscovite schist ✓ ✓ ✓ ✓      




E 1591638, N 5469435 WR Gabbro ✓ ✓ ✓ ✓      
Barrytown 86903 BTY6Aa E 1462826, N 5322723 TS Scheelite vein       ✓    
 86904 BTY6Ab E 1462826, N 5322723 TS Disseminated scheelite       ✓    
 86905 BTY8Aa E 1463340, N 5322719 TS Scheelite bearing quartz vein      ✓    
 86906 BTY8Ab E 1463340, N 5322719 TS Scheelite bearing quartz vein      ✓    
 86907 BTY8Ac E 1463340, N 5322719 TS Scheelite bearing quartz vein      ✓    
Alta Lode 86908 AL1 E 1316481, N 5017469 TS Scheelite bearing quartz vein     ✓   ✓  




B. Barrytown Sm-Nd dating 
  
 
 Figure B-1: Geological map of the Barrytown Granite pluton and surrounding area adapted 
from Tulloch (1986), showing sample locations for BTY6A and BTY8A and including all scheelite-bearing 
and non-scheelite-bearing quartz veins. Note that all but one of the mapped veins occur within the pluton 
contacts 
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Table B-1: LASS-ICP-MS Sm-Nd isotope results for the standard reference materials 014 scheelite, 940 scheelite, TH-ap-1 and TH-tnt-1 over 4 analytical sessions. Sessions 1 and 2 were carried out during 
August 2018, session 4 during September 2018 and session 5 during September 2019. Results of session 3 are reported in Table D-3. Internal 2SE reported.  









014 1 3 130 0.2000 0.0003 0.51254 0.00003 0.34843 0.00002 0.24159 0.00003 
014 1 4 130 0.1766 0.0001 0.51254 0.00003 0.34841 0.00002 0.24157 0.00003 
014 1 5 130 0.1597 0.0002 0.51254 0.00003 0.34841 0.00002 0.24156 0.00003 
014 1 6 130 0.1933 0.0005 0.51258 0.00003 0.34839 0.00002 0.24157 0.00003 
014 1 7 130 0.1726 0.0008 0.51260 0.00004 0.34843 0.00002 0.24156 0.00003 
014 1 8 130 0.1750 0.0001 0.51256 0.00003 0.34843 0.00002 0.24160 0.00003 
014 1 9 130 0.1931 0.0001 0.51254 0.00003 0.34842 0.00002 0.24159 0.00003 
014 1 10 130 0.1905 0.0002 0.51253 0.00003 0.34841 0.00002 0.24157 0.00003 
014 1 11 130 0.1820 0.0003 0.51258 0.00003 0.34841 0.00002 0.24159 0.00003 
014 1 12 130 0.1705 0.0002 0.51254 0.00003 0.34842 0.00002 0.24157 0.00003 
014 2 1 193 0.1923 0.0003 0.51255 0.00003 0.34842 0.00002 0.24150 0.00003 
014 2 2 193 0.1869 0.0002 0.51256 0.00003 0.34841 0.00002 0.24154 0.00002 
014 2 3 193 0.2028 0.0010 0.51255 0.00003 0.34842 0.00002 0.24159 0.00003 
014 2 4 193 0.2182 0.0008 0.51257 0.00003 0.34843 0.00002 0.24157 0.00003 
014 2 5 193 0.1700 0.0003 0.51252 0.00004 0.34841 0.00002 0.24153 0.00002 
014 2 6 193 0.2120 0.0004 0.51262 0.00004 0.34843 0.00001 0.24155 0.00003 
014 2 7 193 0.2154 0.0002 0.51259 0.00004 0.34841 0.00002 0.24159 0.00002 
014 2 8 193 0.1742 0.0001 0.51253 0.00003 0.34842 0.00002 0.24158 0.00002 
014 2 9 193 0.1887 0.0001 0.51256 0.00003 0.34842 0.00002 0.24152 0.00002 
014 2 10 193 0.2155 0.0002 0.51259 0.00004 0.34843 0.00002 0.24156 0.00002 
014 2 11 193 0.1717 0.0008 0.51255 0.00003 0.34841 0.00002 0.24157 0.00003 
014 2 12 193 0.2014 0.0004 0.51256 0.00003 0.34842 0.00002 0.24154 0.00003 
014 2 13 193 0.1869 0.0002 0.51254 0.00003 0.34843 0.00002 0.24154 0.00002 
014 2 14 193 0.1556 0.0001 0.51251 0.00003 0.34841 0.00001 0.24151 0.00002 
014 2 15 193 0.1777 0.0001 0.51253 0.00002 0.34841 0.00001 0.24157 0.00003 
940 1 1 130 0.0998 0.0004 0.51231 0.00005 0.34840 0.00003 0.24156 0.00005 
940 1 3 130 0.0980 0.0004 0.51226 0.00006 0.34844 0.00003 0.24159 0.00004 
940 1 5 130 0.1004 0.0004 0.51227 0.00006 0.34842 0.00003 0.24160 0.00004 
940 1 6 130 0.1002 0.0003 0.51227 0.00006 0.34840 0.00004 0.24159 0.00004 
940 1 7 130 0.1004 0.0006 0.51231 0.00007 0.34841 0.00004 0.24156 0.00005 
940 1 9 130 0.1006 0.0005 0.51231 0.00006 0.34841 0.00003 0.24160 0.00004 
940 1 10 130 0.1007 0.0004 0.51229 0.00006 0.34842 0.00005 0.24154 0.00005 
940 1 11 130 0.0977 0.0005 0.51230 0.00005 0.34841 0.00003 0.24155 0.00005 
940 1 12 130 0.0985 0.0004 0.51225 0.00005 0.34843 0.00003 0.24159 0.00004 
940 2 1 193 0.1025 0.0003 0.51228 0.00006 0.34843 0.00004 0.24160 0.00005 
940 2 2 193 0.1003 0.0004 0.51229 0.00007 0.34844 0.00004 0.24155 0.00005 
940 2 3 193 0.1037 0.0005 0.51226 0.00007 0.34845 0.00004 0.24162 0.00005 
940 2 4 193 0.1030 0.0002 0.51231 0.00006 0.34841 0.00004 0.24150 0.00006 
940 2 5 193 0.0996 0.0003 0.51226 0.00006 0.34842 0.00004 0.24155 0.00005 
940 2 6 193 0.1031 0.0005 0.51235 0.00006 0.34843 0.00004 0.24153 0.00004 
940 2 7 193 0.1046 0.0003 0.51231 0.00007 0.34841 0.00004 0.24158 0.00004 
940 2 8 193 0.1045 0.0004 0.51226 0.00008 0.34843 0.00004 0.24154 0.00005 
940 2 9 193 0.1038 0.0004 0.51234 0.00005 0.34844 0.00004 0.24157 0.00004 
940 2 10 193 0.1048 0.0003 0.51224 0.00007 0.34845 0.00003 0.24162 0.00005 
940 2 11 193 0.1051 0.0004 0.51230 0.00005 0.34843 0.00003 0.24155 0.00005 
940 2 12 193 0.1013 0.0004 0.51228 0.00005 0.34839 0.00004 0.24158 0.00004 
940 2 13 193 0.1037 0.0005 0.51242 0.00006 0.34847 0.00004 0.24152 0.00005 
940 2 14 193 0.1007 0.0006 0.51227 0.00005 0.34842 0.00003 0.24156 0.00004 
940 2 15 193 0.1039 0.0005 0.51229 0.00005 0.34844 0.00004 0.24155 0.00004 
940 5 1 193 0.0998 0.0009 0.51231 0.00003 0.34842 0.00003 0.24157 0.00003 
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940 5 2 193 0.0952 0.0002 0.51231 0.00002 0.34841 0.00002 0.24157 0.00002 
940 5 3 193 0.0996 0.0003 0.51235 0.00004 0.34845 0.00003 0.24152 0.00004 
TH-ap-1 1 1 130 0.0911 0.0001 0.51206 0.00003 0.34840 0.00001 0.24159 0.00002 
TH-ap-1 1 2 130 0.0910 0.0001 0.51210 0.00003 0.34839 0.00002 0.24155 0.00002 
TH-ap-1 1 3 130 0.0913 0.0001 0.51204 0.00002 0.34842 0.00001 0.24159 0.00002 
TH-ap-1 1 4 130 0.0913 0.0001 0.51218 0.00004 0.34844 0.00002 0.24154 0.00002 
TH-ap-1 1 5 130 0.0914 0.0001 0.51218 0.00003 0.34844 0.00002 0.24157 0.00002 
TH-ap-1 1 6 130 0.0911 0.0001 0.51203 0.00003 0.34840 0.00002 0.24159 0.00003 
TH-ap-1 1 7 130 0.0912 0.0001 0.51203 0.00002 0.34839 0.00001 0.24159 0.00002 
TH-ap-1 1 8 130 0.0912 0.0001 0.51211 0.00003 0.34841 0.00001 0.24157 0.00002 
TH-ap-1 1 9 130 0.0911 0.0001 0.51202 0.00002 0.34840 0.00002 0.24159 0.00002 
TH-ap-1 1 10 130 0.0912 0.0001 0.51207 0.00003 0.34841 0.00002 0.24160 0.00003 
TH-ap-1 1 11 130 0.0912 0.0001 0.51218 0.00003 0.34844 0.00002 0.24156 0.00002 
TH-ap-1 1 12 130 0.0912 0.0001 0.51208 0.00003 0.34840 0.00001 0.24160 0.00002 
TH-ap-1 1 13 130 0.0911 0.0001 0.51205 0.00003 0.34840 0.00001 0.24158 0.00002 
TH-ap-1 1 14 130 0.0911 0.0001 0.51205 0.00003 0.34842 0.00001 0.24159 0.00002 
TH-ap-1 1 15 130 0.0915 0.0000 0.51203 0.00003 0.34844 0.00002 0.24161 0.00003 
TH-ap-1 2 1 193 0.0904 0.0000 0.51203 0.00002 0.34840 0.00001 0.24160 0.00001 
TH-ap-1 2 2 193 0.0903 0.0001 0.51201 0.00002 0.34839 0.00001 0.24161 0.00002 
TH-ap-1 2 3 193 0.0903 0.0001 0.51206 0.00002 0.34840 0.00001 0.24160 0.00001 
TH-ap-1 2 4 193 0.0903 0.0001 0.51209 0.00002 0.34842 0.00001 0.24160 0.00002 
TH-ap-1 2 5 193 0.0901 0.0001 0.51202 0.00002 0.34840 0.00001 0.24161 0.00002 
TH-ap-1 2 8 193 0.0900 0.0001 0.51203 0.00003 0.34841 0.00002 0.24159 0.00002 
TH-ap-1 2 10 193 0.0904 0.0001 0.51209 0.00003 0.34841 0.00002 0.24159 0.00002 
TH-ap-1 2 11 193 0.0902 0.0001 0.51200 0.00003 0.34840 0.00001 0.24159 0.00002 
TH-ap-1 2 12 193 0.0903 0.0001 0.51217 0.00004 0.34844 0.00002 0.24155 0.00002 
TH-ap-1 2 13 193 0.0904 0.0001 0.51206 0.00003 0.34842 0.00002 0.24158 0.00002 
TH-ap-1 4 2 193 0.0911 0.0005 0.51204 0.00002 0.34839 0.00001 0.24161 0.00002 
TH-ap-1 4 4 193 0.0911 0.0005 0.51198 0.00003 0.34840 0.00001 0.24110 0.00007 
TH-ap-1 4 6 193 0.0905 0.0005 0.51203 0.00002 0.34839 0.00001 0.24161 0.00003 
TH-ap-1 4 9 193 0.0912 0.0005 0.51205 0.00002 0.34838 0.00001 0.24169 0.00001 
TH-ap-1 4 10 193 0.0914 0.0005 0.51205 0.00002 0.34839 0.00001 0.24163 0.00002 
TH-ap-1 4 13 193 0.0916 0.0005 0.51207 0.00002 0.34839 0.00001 0.24168 0.00001 
TH-ap-1 4 12 193 0.0912 0.0005 0.51207 0.00002 0.34840 0.00001 0.24170 0.00002 
TH-ap-1 5 1 193 0.0925 0.0001 0.51204 0.00002 0.34840 0.00001 0.24159 0.00001 
TH-ap-1 5 2 193 0.0923 0.0001 0.51203 0.00001 0.34841 0.00001 0.24160 0.00001 
TH-ap-1 5 3 193 0.0923 0.0001 0.51203 0.00001 0.34840 0.00001 0.24158 0.00001 
TH-ap-1 5 4 193 0.0923 0.0001 0.51204 0.00002 0.34841 0.00001 0.24159 0.00001 
TH-ap-1 5 5 193 0.0922 0.0001 0.51204 0.00002 0.34841 0.00001 0.24159 0.00001 
TH-ap-1 5 6 193 0.0921 0.0001 0.51205 0.00002 0.34840 0.00001 0.24159 0.00001 
TH-ap-1 5 7 193 0.0921 0.0000 0.51204 0.00002 0.34841 0.00001 0.24160 0.00001 
TH-ap-1 5 8 193 0.0926 0.0001 0.51203 0.00001 0.34840 0.00001 0.24158 0.00001 
TH-ap-1 5 9 193 0.0927 0.0001 0.51204 0.00001 0.34840 0.00001 0.24157 0.00001 
TH-ap-1 5 10 193 0.0929 0.0000 0.51204 0.00001 0.34840 0.00001 0.24158 0.00001 
TH-ap-1 5 11 193 0.0928 0.0000 0.51205 0.00001 0.34841 0.00001 0.24159 0.00001 
TH-ap-1 5 12 193 0.0928 0.0000 0.51203 0.00001 0.34840 0.00001 0.24158 0.00001 
TH-ap-1 5 13 193 0.0931 0.0000 0.51203 0.00001 0.34840 0.00001 0.24157 0.00001 
TH-ap-1 5 14 193 0.0932 0.0000 0.51203 0.00001 0.34840 0.00001 0.24158 0.00001 
TH-tnt-1 1 2 130 0.1314 0.0000 0.51232 0.00002 0.34841 0.00001 0.24158 0.00002 
TH-tnt-1 1 3 130 0.1312 0.0000 0.51231 0.00003 0.34841 0.00001 0.24160 0.00002 
TH-tnt-1 1 4 130 0.1316 0.0000 0.51229 0.00002 0.34840 0.00001 0.24158 0.00002 
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TH-tnt-1 1 5 130 0.1314 0.0001 0.51231 0.00002 0.34841 0.00002 0.24160 0.00002 
TH-tnt-1 1 7 130 0.1313 0.0000 0.51233 0.00002 0.34841 0.00001 0.24158 0.00002 
TH-tnt-1 1 8 130 0.1315 0.0001 0.51230 0.00003 0.34840 0.00001 0.24159 0.00002 
TH-tnt-1 1 9 130 0.1315 0.0000 0.51230 0.00002 0.34840 0.00001 0.24158 0.00002 
TH-tnt-1 1 10 130 0.1314 0.0000 0.51229 0.00003 0.34841 0.00002 0.24159 0.00002 
TH-tnt-1 1 11 130 0.1311 0.0000 0.51229 0.00003 0.34841 0.00001 0.24160 0.00002 
TH-tnt-1 1 12 130 0.1317 0.0000 0.51233 0.00003 0.34840 0.00002 0.24159 0.00002 
TH-tnt-1 1 13 130 0.1313 0.0001 0.51233 0.00002 0.34841 0.00002 0.24158 0.00002 
TH-tnt-1 1 14 130 0.1314 0.0000 0.51230 0.00002 0.34840 0.00002 0.24159 0.00002 
TH-tnt-1 1 15 130 0.1314 0.0000 0.51231 0.00002 0.34841 0.00002 0.24157 0.00002 
TH-tnt-1 2 1 193 0.1317 0.0001 0.51233 0.00003 0.34842 0.00001 0.24159 0.00002 
TH-tnt-1 2 2 193 0.1311 0.0001 0.51229 0.00002 0.34840 0.00001 0.24158 0.00002 
TH-tnt-1 2 3 193 0.1311 0.0000 0.51231 0.00002 0.34840 0.00001 0.24158 0.00001 
TH-tnt-1 2 4 193 0.1316 0.0001 0.51232 0.00002 0.34840 0.00002 0.24160 0.00002 
TH-tnt-1 2 5 193 0.1317 0.0001 0.51231 0.00002 0.34842 0.00001 0.24157 0.00002 
TH-tnt-1 2 8 193 0.1316 0.0000 0.51231 0.00002 0.34840 0.00001 0.24160 0.00002 
TH-tnt-1 2 9 193 0.1308 0.0001 0.51229 0.00003 0.34841 0.00001 0.24158 0.00002 
TH-tnt-1 2 10 193 0.1316 0.0001 0.51232 0.00003 0.34841 0.00002 0.24159 0.00002 
TH-tnt-1 2 12 193 0.1314 0.0001 0.51229 0.00002 0.34841 0.00001 0.24159 0.00002 
TH-tnt-1 2 15 193 0.1314 0.0000 0.51233 0.00003 0.34841 0.00002 0.24158 0.00002 
TH-tnt-1 4 1 193 0.1326 0.0007 0.51235 0.00002 0.34841 0.00001 0.24144 0.00002 
TH-tnt-1 4 2 193 0.1328 0.0007 0.51235 0.00002 0.34842 0.00001 0.24149 0.00002 
TH-tnt-1 4 3 193 0.1327 0.0007 0.51233 0.00002 0.34841 0.00001 0.24144 0.00003 
TH-tnt-1 4 4 193 0.1333 0.0007 0.51235 0.00002 0.34841 0.00001 0.24158 0.00002 
TH-tnt-1 4 5 193 0.1334 0.0007 0.51233 0.00002 0.34839 0.00001 0.24160 0.00002 
TH-tnt-1 4 6 193 0.1323 0.0007 0.51233 0.00001 0.34841 0.00001 0.24145 0.00002 
TH-tnt-1 4 7 193 0.1335 0.0007 0.51236 0.00002 0.34841 0.00001 0.24154 0.00007 
TH-tnt-1 4 8 193 0.1333 0.0007 0.51234 0.00002 0.34841 0.00001 0.24173 0.00002 
TH-tnt-1 4 9 193 0.1332 0.0007 0.51235 0.00001 0.34839 0.00001 0.24170 0.00002 
TH-tnt-1 4 10 193 0.1329 0.0007 0.51236 0.00002 0.34841 0.00001 0.24174 0.00001 
TH-tnt-1 4 11 193 0.1330 0.0007 0.51236 0.00002 0.34839 0.00001 0.24174 0.00001 
TH-tnt-1 5 1 193 0.1307 0.0002 0.51231 0.00002 0.34840 0.00002 0.24158 0.00002 
TH-tnt-1 5 2 193 0.1312 0.0002 0.51231 0.00002 0.34841 0.00002 0.24158 0.00002 
TH-tnt-1 5 3 193 0.1310 0.0001 0.51231 0.00003 0.34841 0.00002 0.24158 0.00002 
TH-tnt-1 5 4 193 0.1303 0.0001 0.51230 0.00001 0.34841 0.00001 0.24160 0.00001 
TH-tnt-1 5 5 193 0.1317 0.0000 0.51231 0.00001 0.34840 0.00001 0.24159 0.00001 
TH-tnt-1 5 6 193 0.1315 0.0000 0.51232 0.00001 0.34840 0.00001 0.24159 0.00001 
TH-tnt-1 5 7 193 0.1313 0.0001 0.51230 0.00001 0.34840 0.00001 0.24159 0.00001 
TH-tnt-1 5 8 193 0.1316 0.0001 0.51231 0.00002 0.34840 0.00001 0.24159 0.00001 
TH-tnt-1 5 9 193 0.1314 0.0000 0.51230 0.00001 0.34841 0.00001 0.24158 0.00001 
TH-tnt-1 5 10 193 0.1315 0.0000 0.51232 0.00001 0.34840 0.00001 0.24159 0.00001 
TH-tnt-1 5 11 193 0.1317 0.0003 0.51230 0.00001 0.34841 0.00001 0.24159 0.00001 
TH-tnt-1 5 12 193 0.1312 0.0000 0.51231 0.00001 0.34840 0.00001 0.24159 0.00001 
TH-tnt-1 5 13 193 0.1314 0.0000 0.51231 0.00001 0.34841 0.00001 0.24159 0.00001 
TH-tnt-1 5 14 193 0.1315 0.0000 0.51231 0.00001 0.34840 0.00001 0.24158 0.00001 
TH-tnt-1 5 15 193 0.1313 0.0000 0.51231 0.00001 0.34840 0.00001 0.24158 0.00001 
TH-tnt-1 5 16 193 0.1318 0.0000 0.51230 0.00001 0.34841 0.00001 0.24159 0.00001 
TH-tnt-1 5 17 193 0.1319 0.0001 0.51231 0.00001 0.34840 0.00001 0.24158 0.00001 
TH-tnt-1 5 18 193 0.1312 0.0000 0.51232 0.00001 0.34840 0.00001 0.24159 0.00001 
TH-tnt-1 5 19 193 0.1314 0.0001 0.51231 0.00001 0.34841 0.00001 0.24159 0.00001 
TH-tnt-1 5 20 193 0.1314 0.0000 0.51231 0.00001 0.34841 0.00001 0.24159 0.00001 
TH-tnt-1 5 21 193 0.1314 0.0000 0.51230 0.00002 0.34841 0.00001 0.24159 0.00001 





C. Orogenic Scheelite 
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Table C-1: Compiled LA-ICPMS trace element results for Phase 1 of scheelite analyses from selected orogenic scheelite deposits in the Otago Schist. Data collected as part of this study and taken from Farmer 









































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
Boanerges Peak – this study 
BNG3Aa - 1 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 96.0 < 10 1.8 24.5 < 0.4 < 0.18 1060 103 1.55 0.27 0.18 1.41 0.42 3.74 3.21 1.96 9.36 2.27 18.63 4.30 10.97 0.91 3.16 0.23 0.11 0.01 0.00 
BNG3Aa - 2 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 91.0 < 13 2.0 33.7 0.3 < 0.16 994 121 1.79 1.64 0.19 1.62 0.49 4.65 4.47 2.09 12.26 2.91 23.16 5.45 13.63 1.20 4.33 0.32 < 0.026 < 0.0069 0.01 
BNG3Aa - 3 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ < 63 < 8.3 1.7 < 17 < 0.34 < 0.17 1118 77 1.81 0.24 0.18 0.94 0.28 2.85 2.72 1.05 7.40 1.74 13.98 3.17 7.90 0.62 1.97 0.14 0.34 < 0.0077 0.00 
BNG3Aa - 4 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 114.0 < 10 1.9 34.0 < 0.32 < 0.17 1428 17 1.55 0.63 0.21 0.23 0.07 0.49 0.38 0.28 0.98 0.25 2.24 0.53 1.46 0.14 0.57 0.06 3.30 < 0.011 0.01 
BNG3Aa - 5 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 87.0 < 7.3 0.9 < 19 < 0.27 < 0.17 1305 191 1.76 0.23 0.21 1.56 0.47 4.19 4.06 2.27 12.83 3.40 29.91 7.21 17.93 1.41 4.04 0.23 < 0.037 < 0.0088 < 0.0032 
BNG3Aa - 6 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 147.0 < 13 3.0 83.0 < 0.49 < 0.18 1269 116 1.89 0.34 0.38 0.93 0.34 3.05 2.89 1.22 8.35 2.22 18.73 4.80 12.35 1.06 3.60 0.27 11.90 < 0.0093 0.01 
BNG3Aa - 7 
shallow 
2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ < 140 < 18 5.7 71.0 < 0.53 < 0.25 1145 140 1.83 1.22 29.90 1.95 6.32 19.70 5.83 2.11 11.10 2.78 22.00 4.91 12.44 1.05 3.64 0.25 15000.00 < 0.012 0.00 
BNG3Aa - 7 
middle 
2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 183.0 18.2 4.8 46.0 < 0.46 < 0.22 1128 124 1.64 0.30 2.36 1.64 1.11 5.70 4.26 1.62 9.64 2.31 18.77 4.38 10.85 0.90 3.17 0.21 1180.00 0.01 0.01 
BNG3Aa - 7 
deep 
2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 197.0 20.4 11.0 75.0 < 0.55 0.4 1128 116 1.76 0.25 5.41 1.74 1.56 7.03 3.89 1.72 8.98 2.26 18.93 4.37 10.37 0.88 2.89 0.17 2400.00 0.03 0.01 
BNG3Aa - 8 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 103.0 < 14 2.4 22.2 < 0.43 < 0.14 1105 56 1.71 0.32 0.55 0.74 0.28 2.02 1.75 0.83 4.28 1.05 8.73 2.07 5.10 0.46 1.49 0.11 7.90 < 0.01 0.00 
BNG3Aa - 9 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 101.0 < 15 1.9 26.7 < 0.25 < 0.15 1097 89 2.08 0.59 0.46 1.37 0.46 3.86 3.40 1.39 8.55 2.00 15.70 3.55 8.15 0.66 2.00 0.13 1.50 < 0.0093 0.00 
BNG3Aa - 10 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ < 49 < 11 3.2 < 19 < 0.52 0.1 1344 84 1.58 0.25 1.73 1.48 0.61 4.43 3.63 2.47 9.79 2.32 17.88 3.96 8.98 0.66 1.82 0.14 1.79 < 0.0078 0.02 
                                  






189.0 14.0 < 1.1 < 24 < 0.25 < 0.13 1333 0 1.32 0.57 0.01 0.06 0.02 0.12 < 0.083 0.06 0.07 0.01 0.05 0.01 < 0.0068 <  < 0.011 < 0.0031 0.11 < 0.0066 0.00 






208.0 28.0 1.6 84.0 < 0.25 0.2 1273 0 1.31 0.72 0.75 1.14 0.18 0.69 0.18 0.13 0.19 0.04 0.19 0.02 0.05 0.00 0.01 0.00 0.76 0.01 0.00 






74.0 < 11 2.3 < 18 < 0.25 < 0.095 1299 1 1.40 0.67 0.02 0.15 0.04 0.27 0.21 0.23 0.22 0.05 0.20 0.03 0.03 < 0.0045 0.00 < 0.0015 0.27 0.01 0.00 






145.0 10.3 0.9 50.0 0.4 < 0.14 1593 6 1.35 0.99 0.47 1.34 0.34 2.65 1.56 1.62 2.93 0.49 2.16 0.29 0.32 0.01 0.02 < 0.0032 0.49 < 0.0086 0.00 






162.0 9.5 1.7 37.2 < 0.26 < 0.19 1557 8 1.32 0.77 0.32 1.08 0.29 2.31 1.53 1.40 3.05 0.53 2.78 0.40 0.49 0.02 0.03 < 0.0043 0.37 < 0.011 0.00 






125.0 < 13 2.1 26.8 < 0.19 < 0.13 1535 5 1.62 0.86 0.67 1.47 0.31 1.73 0.74 1.43 1.27 0.22 1.11 0.18 0.28 0.01 0.02 < 0.0035 0.21 < 0.0064 0.00 






172.0 9.9 1.3 42.2 < 0.29 < 0.14 1551 9 1.41 0.80 1.30 2.01 0.39 1.99 0.79 1.49 1.23 0.26 1.71 0.27 0.43 0.02 0.03 0.00 0.96 0.01 0.01 






122.0 < 9.1 1.6 24.2 < 0.39 < 0.096 1587 5 1.27 0.71 0.10 0.77 0.23 1.90 1.07 1.35 2.20 0.35 1.75 0.24 0.24 0.01 0.02 < 0.0031 0.17 < 0.0081 0.00 






138.0 11.3 1.2 36.4 < 0.25 < 0.16 1566 11 1.38 1.71 1.36 2.07 0.45 3.13 1.96 1.92 3.91 0.65 3.75 0.53 0.64 0.03 0.04 0.00 1.67 < 0.0095 0.00 






48.0 < 11 1.9 < 16 < 0.23 < 0.13 1484 1 2.25 0.84 0.02 0.20 0.07 0.52 0.35 0.31 0.54 0.10 0.47 0.06 0.07 0.01 <  < 0.0036 0.18 < 0.0076 0.00 






145.0 9.4 1.1 25.9 < 0.34 < 0.098 1298 1 1.36 0.75 0.01 0.09 0.02 0.14 0.09 0.14 0.13 0.02 0.12 0.02 0.02 < 0.0021 <  0.00 0.20 < 0.007 0.00 






128.0 < 11 1.4 22.1 < 0.33 < 0.16 1556 5 1.27 0.71 0.12 0.61 0.12 0.68 0.31 1.05 0.52 0.12 0.77 0.14 0.19 0.01 0.02 0.00 0.06 < 0.0091 0.00 






145.0 < 11 1.3 23.1 < 0.26 < 0.11 1439 11 1.68 0.73 0.21 1.16 0.27 1.82 1.01 1.65 2.03 0.39 2.35 0.37 0.57 0.03 0.04 0.00 0.08 < 0.006 0.00 






98.0 < 13 1.4 < 18 < 0.36 < 0.15 1667 12 1.34 0.56 0.24 1.23 0.23 1.24 0.63 2.78 1.13 0.23 1.64 0.29 0.49 0.02 0.06 0.00 0.14 < 0.0065 0.00 






102.0 < 15 1.4 17.7 < 0.33 < 0.15 1648 8 1.30 0.65 0.26 0.96 0.17 0.87 0.42 2.02 0.89 0.16 1.18 0.21 0.33 0.02 0.04 0.00 0.17 < 0.0087 0.00 






148.0 < 15 < 1.2 20.5 < 0.28 < 0.14 1772 7 3.68 0.79 0.14 0.71 0.15 0.97 0.47 0.91 0.90 0.19 1.32 0.23 0.42 0.03 0.04 0.00 0.73 < 0.0099 0.06 






47.0 < 10 3.1 < 21 < 0.25 < 0.17 1093 4 2.35 0.62 0.15 0.54 0.09 0.49 0.23 0.70 0.39 0.07 0.54 0.09 0.19 0.01 0.03 0.00 0.94 < 0.0097 0.06 






134.0 < 11 1.0 < 19 < 0.27 < 0.13 901 4 2.70 0.70 0.05 0.26 0.06 0.38 0.17 0.72 0.35 0.08 0.54 0.09 0.15 0.01 0.04 < 0.0024 0.16 < 0.0085 0.06 






154.0 12.7 1.5 20.1 0.5 0.2 1362 3 1.29 0.66 0.32 1.01 0.17 0.97 0.52 0.50 1.05 0.17 0.99 0.14 0.18 0.01 < 0.016 0.00 1.85 0.01 < 0.0014 






136.0 9.2 1.5 < 21 0.3 < 0.13 1343 2 1.33 1.10 0.67 1.85 0.18 0.83 0.39 0.37 0.78 0.11 0.68 0.10 0.13 0.01 < 0.024 0.00 7.40 0.02 0.01 






120.0 < 11 1.9 18.7 < 0.33 < 0.18 1259 12 2.66 0.75 0.07 0.52 0.16 1.37 1.08 1.04 2.41 0.48 3.19 0.49 0.71 0.03 0.09 0.01 0.20 < 0.0056 0.05 











































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 






62.0 < 11 1.9 < 17 < 0.26 < 0.17 1303 22 1.40 1.00 0.10 0.36 0.07 0.27 0.16 2.67 0.33 0.13 1.33 0.41 1.78 0.28 1.69 0.15 0.58 < 0.0096 < 0.0041 






153.0 < 15 < 1.1 26.2 < 0.28 < 0.17 1160 11 1.46 0.75 0.07 0.33 0.08 0.53 0.33 1.07 0.71 0.16 1.53 0.42 1.29 0.15 0.72 0.06 0.38 < 0.01 0.01 






< 3100 < 2700 < 180 < 15000 < 0.24 < 6.2 1170 14 1.49 < 34 < 3 < 5.8 < 0.79 < 3.4 < 0.78 2.13 < 0.53 < 0.11 < 0.65 0.18 0.93 0.19 1.27 0.14 < 1.4 < 0.61 < 0.18 






105.0 12.2 2.1 24.8 < 0.36 < 0.18 1064 21 1.78 0.97 0.50 0.89 0.18 0.80 0.34 2.15 0.57 0.13 1.49 0.47 1.76 0.26 1.40 0.13 0.23 < 0.0079 0.01 






101.0 < 8.8 2.2 25.1 < 0.37 < 0.15 1167 16 1.37 1.12 0.07 0.27 0.05 0.21 0.13 1.25 0.20 0.07 0.84 0.29 1.39 0.21 1.18 0.10 0.23 < 0.01 0.00 






119.0 10.1 2.3 19.1 < 0.3 < 0.14 1081 4 2.39 0.72 0.03 0.08 0.01 0.07 0.05 0.33 0.06 0.02 0.21 0.08 0.33 0.06 0.37 0.04 0.27 0.01 0.01 






93.0 < 14 2.5 < 19 < 0.28 < 0.15 1129 5 1.44 1.21 0.05 0.15 0.03 0.18 0.10 0.58 0.21 0.04 0.43 0.13 0.53 0.07 0.35 0.04 0.58 < 0.0072 0.01 






130.0 < 11 3.5 17.2 < 0.17 < 0.16 1074 87 1.68 0.84 0.66 1.73 0.43 2.65 1.55 2.70 4.34 1.10 10.88 3.15 10.21 1.15 4.88 0.42 0.28 < 0.0095 0.01 






164.0 13.7 29.7 43.9 < 0.19 < 0.11 1014 39 1.65 0.68 0.15 0.73 0.14 1.11 0.73 1.11 1.78 0.52 5.23 1.44 4.35 0.49 1.96 0.17 0.34 0.01 0.01 






148.0 < 11 2.0 < 17 < 0.36 < 0.17 961 6 1.30 0.79 0.04 0.15 0.03 0.15 0.10 0.46 0.16 0.03 0.49 0.15 0.54 0.09 0.40 0.04 0.17 < 0.0068 0.00 






118.0 < 12 3.5 82.0 < 0.3 < 0.14 1073 13 1.48 0.76 1.45 1.23 0.26 1.04 0.31 0.71 0.45 0.11 1.11 0.35 1.22 0.17 0.87 0.07 0.23 0.03 0.01 






194.0 15.5 2.1 < 22 < 0.21 0.2 1139 50 1.79 0.89 0.64 0.93 0.27 1.61 1.00 1.36 2.36 0.64 6.04 1.85 5.90 0.67 2.70 0.23 0.23 < 0.0077 0.01 






211.0 15.5 2.4 146.0 < 0.24 < 0.21 1055 52 1.67 0.62 2.91 2.61 0.83 3.72 1.45 1.55 3.20 0.74 7.24 1.96 5.84 0.62 2.39 0.20 0.28 0.04 0.02 






198.0 15.2 1.1 23.4 < 0.26 < 0.14 1058 73 2.36 0.75 0.14 0.92 0.28 2.24 1.78 1.65 4.43 1.16 10.66 2.96 8.93 0.90 3.46 0.29 0.14 0.01 0.02 






89.0 8.2 2.8 < 15 < 0.25 < 0.18 1101 70 1.74 0.98 0.19 0.94 0.26 2.06 1.55 2.16 3.95 1.04 9.92 2.72 8.21 0.85 3.46 0.29 0.25 < 0.0078 0.02 






160.0 14.3 < 1.9 21.1 < 0.24 < 0.21 1259 13 2.42 0.87 0.15 0.45 0.08 0.47 0.19 1.25 0.32 0.08 0.78 0.28 1.15 0.21 1.67 0.22 0.21 0.02 0.05 






159.0 < 14 1.8 19.3 < 0.27 < 0.16 1187 27 1.98 0.82 0.08 0.24 0.06 0.26 0.20 1.07 0.59 0.19 2.04 0.68 2.64 0.38 1.93 0.19 0.11 < 0.0047 0.01 






215.0 16.6 1.2 51.9 < 0.34 < 0.17 1143 11 1.41 0.78 1.00 1.49 0.28 1.09 0.32 1.63 0.33 0.08 0.83 0.25 0.95 0.15 0.74 0.06 0.31 0.03 0.00 






650.0 12.0 1.4 27.1 < 0.3 0.2 1033 18 1.55 0.68 0.17 0.50 0.09 0.59 0.28 1.86 0.45 0.14 1.42 0.39 1.30 0.19 1.12 0.11 0.18 < 0.0063 0.01 






2449.0 < 12 6.5 634.0 < 0.26 < 0.2 1107 59 1.53 0.68 4.31 3.95 1.20 5.19 1.88 1.45 4.15 1.07 9.38 2.61 7.31 0.76 2.67 0.21 0.12 0.25 0.02 






184.0 < 11 1.9 51.0 < 0.37 < 0.16 952 31 1.50 0.71 0.25 0.73 0.16 1.03 0.53 1.12 1.22 0.32 3.32 0.98 3.09 0.38 1.41 0.11 0.17 < 0.0064 0.01 






< 61 < 8.8 5.4 16.3 < 0.33 < 0.16 1193 33 1.58 0.70 1.34 0.89 0.30 1.43 0.62 0.65 1.52 0.46 4.45 1.37 4.08 0.42 1.62 0.13 0.49 < 0.0088 0.01 






190.0 14.4 2.4 18.6 < 0.45 0.2 1000 34 1.42 0.62 0.06 0.37 0.12 0.82 0.70 0.76 1.85 0.52 5.12 1.47 4.17 0.39 1.48 0.10 0.15 < 0.0047 0.01 






165.0 < 11 2.2 47.0 < 0.21 < 0.15 983 42 1.43 0.84 0.99 0.83 0.12 0.71 0.45 0.49 1.19 0.38 4.39 1.36 4.38 0.42 1.44 0.11 0.23 < 0.0076 0.00 






198.0 13.3 2.0 26.4 < 0.31 < 0.21 762 26 4.54 0.57 0.04 0.13 0.03 0.23 0.14 0.38 0.38 0.13 1.83 0.69 2.80 0.43 2.12 0.18 0.28 0.01 0.03 






230.0 15.7 4.2 336.0 < 0.32 0.3 883 54 1.38 0.87 1.62 1.47 0.42 2.05 0.89 0.65 2.33 0.62 6.34 1.92 5.77 0.58 2.28 0.18 0.15 0.01 0.01 






176.0 < 15 < 1.3 18.7 < 0.22 0.2 1119 46 4.70 0.57 0.03 0.23 0.07 0.54 0.44 0.48 1.28 0.42 4.85 1.50 5.02 0.56 2.22 0.18 0.16 < 0.0098 0.02 






170.0 11.3 3.4 47.0 < 0.23 < 0.18 1040 42 2.08 0.87 0.82 1.03 0.34 1.72 0.76 1.19 1.76 0.42 4.63 1.36 4.58 0.55 2.22 0.18 0.33 0.01 0.01 






217700.0 53760.0 37.1 2219.0 < 0.94 27.7 107 6 0.78 0.77 7.05 13.99 1.56 6.19 1.06 0.23 0.92 0.14 0.92 0.17 0.61 0.09 0.65 0.08 2.65 3.60 1.48 






118.0 < 13 3.8 39.1 < 0.17 < 0.18 1136 33 1.63 0.76 2.66 1.27 0.49 1.96 0.51 0.83 1.04 0.27 2.98 0.98 3.43 0.42 1.89 0.15 0.26 < 0.0079 0.02 






108.0 9.4 2.4 20.0 < 0.32 < 0.16 1053 37 1.50 0.72 0.26 0.58 0.13 0.75 0.38 1.82 0.97 0.30 3.05 0.92 3.32 0.44 2.01 0.17 0.34 < 0.0063 0.01 






187.0 12.1 3.3 42.8 < 0.21 0.2 1194 24 1.95 1.23 1.44 1.26 0.24 0.97 0.28 0.99 0.52 0.16 1.84 0.60 2.28 0.30 1.76 0.17 0.60 0.01 0.01 






119.0 < 10 2.1 < 18 < 0.24 0.2 1418 44 1.53 0.72 0.21 0.75 0.22 1.68 1.14 2.22 2.78 0.67 6.14 1.73 5.21 0.55 2.27 0.18 0.47 0.01 0.01 






143.0 < 13 1.5 < 14 < 0.23 0.2 1018 48 1.48 0.69 0.11 0.67 0.19 1.39 1.09 1.56 2.58 0.69 6.53 1.82 5.74 0.59 2.19 0.18 0.17 < 0.0079 0.00 
                                  
BNG4Aa - 1 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 220.0 < 11 2.5 15.3 < 0.15 < 0.21 1588 46 1.76 0.39 0.05 0.15 0.02 0.18 0.12 1.01 0.52 0.19 2.25 0.82 3.22 0.51 3.18 0.36 0.71 < 0.0044 0.04 
BNG4Aa - 2 2 R Argillite 
Pumpellyite-
Actionlite 










































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
BNG4Aa - 3 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 239.0 70.0 7.8 40.5 0.2 0.3 1471 69 1.82 0.43 0.37 0.44 0.15 0.62 0.27 0.26 0.87 0.30 3.99 1.82 7.91 1.18 7.21 0.79 28.50 0.01 0.01 
BNG4Aa - 4 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 139.0 9.8 4.2 26.8 < 0.26 < 0.21 1417 102 1.72 1.04 0.17 0.38 0.13 0.84 0.71 0.76 2.96 0.99 10.66 3.53 11.07 1.09 4.13 0.33 5.60 < 0.0051 0.00 
BNG4Aa - 5 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 244.0 11.9 2.6 24.1 < 0.17 < 0.14 1487 128 2.07 1.04 0.24 0.45 0.13 0.84 0.68 1.00 2.59 0.83 10.23 3.66 13.22 1.63 6.98 0.61 14.60 < 0.0068 0.01 
BNG4Aa - 6 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 182.0 11.6 2.6 < 20 < 0.17 < 0.12 1249 65 1.84 0.58 0.19 0.53 0.15 0.86 0.57 0.58 1.90 0.58 6.29 2.14 6.94 0.75 2.96 0.25 17.30 0.01 0.00 
BNG4Aa - 7 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 164.0 < 10 3.6 16.3 < 0.14 < 0.18 1531 61 2.69 0.43 0.02 0.06 0.01 0.04 0.03 0.12 0.20 0.08 1.70 0.93 5.47 1.11 8.87 1.30 0.79 < 0.007 0.02 
BNG4Aa - 8 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 115.0 15.2 6.2 44.0 < 0.18 < 0.15 1490 59 2.27 0.60 0.22 0.30 0.07 0.35 0.23 0.19 0.83 0.24 3.39 1.35 5.99 1.04 7.15 0.99 6.10 0.02 0.01 
BNG4Aa - 9 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 195.0 < 9.4 2.6 < 16 < 0.2 0.2 1766 82 5.77 0.36 0.05 0.16 0.04 0.25 0.23 0.20 1.05 0.37 5.14 2.25 9.58 1.40 7.85 0.88 2.56 < 0.0071 0.01 
BNG4Aa - 12 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 225.0 16.6 3.9 < 17 0.2 < 0.18 1457 53 1.94 0.72 0.88 1.58 0.30 1.47 0.72 8.00 1.75 0.41 3.66 1.02 2.83 0.38 1.93 0.22 11.30 0.01 0.18 
BNG4Aa - 13 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 202.0 8.9 4.0 19.7 < 0.19 0.2 1450 132 1.69 1.05 0.25 0.88 0.25 1.86 1.37 2.53 4.97 1.32 12.88 3.53 10.05 1.07 4.60 0.43 7.60 0.00 0.02 
BNG4Aa - 14 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 1880.0 440.0 4.9 57.0 < 0.29 0.5 1177 67 1.84 1.18 0.44 0.71 0.32 1.98 1.30 0.78 4.16 1.03 9.53 2.46 6.73 0.65 2.26 0.18 7.30 0.05 0.02 
BNG4Aa - 15 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 440.0 120.0 6.8 60.0 < 0.17 < 0.24 1282 54 1.87 0.63 0.44 0.85 0.30 1.84 1.17 1.67 3.62 0.87 7.57 2.00 4.96 0.46 1.64 0.12 10.40 0.03 0.01 
BNG4Aa - 16 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 151.0 12.5 3.5 18.1 < 0.21 0.2 1548 58 1.37 0.66 0.24 1.14 0.27 1.76 1.04 4.49 2.78 0.70 5.70 1.38 3.52 0.35 1.14 0.10 1.48 < 0.008 0.02 
BNG4Aa - 17 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 287.0 61.4 6.7 61.0 0.6 < 0.24 1471 49 1.93 2.50 0.53 0.83 0.34 1.83 1.15 1.98 2.71 0.68 5.47 1.46 3.82 0.37 1.47 0.13 20.40 0.01 0.02 
BNG4Aa - 18 
top 
2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 430.0 200.0 4.5 170.0 0.9 < 0.58 1342 36 1.44 12.20 0.76 0.97 0.44 1.87 0.84 4.10 1.52 0.36 2.93 0.81 2.54 0.30 1.66 0.19 9.60 0.02 0.06 
BNG4Aa - 18 
bottom 
2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 205400.0 52000.0 35.1 2400.0 < 1.1 26.7 159 6 0.87 1.88 6.90 13.02 1.66 5.81 1.00 0.17 1.06 0.09 1.12 0.18 0.42 0.05 0.60 0.09 2.40 3.66 1.37 
BNG4Aa - 19 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 219.4 13.0 4.3 19.1 0.3 < 0.25 1710 77 2.05 0.38 0.81 2.41 0.49 2.71 1.62 4.74 4.09 0.84 7.81 1.86 5.43 0.62 2.85 0.26 9.50 0.01 0.09 
BNG4Aa - 20 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 199.0 13.9 3.6 16.9 < 0.19 0.3 1620 53 2.28 0.34 0.21 0.92 0.20 1.46 1.10 2.78 3.63 0.83 6.58 1.59 3.89 0.37 1.41 0.13 0.26 < 0.006 0.05 
BNG4Aa - 21 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 191.0 27.0 < 2.3 36.0 < 0.28 < 0.39 1527 63 1.38 2.90 0.55 1.94 0.39 2.41 1.28 4.63 3.37 0.78 6.82 1.61 4.30 0.41 1.44 0.15 1.08 < 0.011 0.03 
BNG4Aa - 22 2 R Argillite 
Pumpellyite-
Actionlite 
IIA In-situ 192.0 13.5 3.9 33.9 < 0.19 < 0.23 1333 87 1.56 1.13 0.31 1.19 0.32 2.23 1.59 1.91 5.28 1.35 11.11 2.80 7.20 0.64 2.10 0.18 7.55 0.01 0.01 
                                  






221.0 < 27 < 3.3 < 59 < 0.55 < 0.45 1466 34 2.02 0.89 0.18 0.61 0.14 0.77 0.47 3.32 1.27 0.34 3.02 0.71 1.63 0.11 0.36 0.02 < 0.061 < 0.021 0.06 






326.0 25.0 < 2.3 < 69 < 0.76 < 0.68 1777 39 1.40 0.67 0.17 0.75 0.16 0.82 0.47 4.91 1.06 0.29 2.74 0.72 1.79 0.15 0.39 0.04 < 0.056 0.02 0.01 






245.0 < 25 4.0 < 75 < 0.56 < 0.34 1821 39 1.70 0.44 0.27 0.69 0.12 0.64 0.25 5.65 0.87 0.21 1.98 0.60 1.54 0.18 0.60 0.05 < 0.074 0.02 0.02 






270.0 < 19 16.0 101.0 < 0.51 < 0.43 1619 35 1.83 1.42 0.44 1.25 0.26 1.47 0.74 4.88 1.95 0.40 4.17 0.92 2.16 0.15 0.43 0.03 < 0.057 < 0.019 0.04 






377.0 < 58 < 6.8 < 150 1.2 < 1.3 1590 23 2.10 0.99 0.18 0.69 0.15 0.71 0.49 1.83 1.26 0.34 3.23 0.64 1.18 0.09 < 0.12 0.03 < 0.17 < 0.047 0.06 






2830.0 67.0 18.1 122.0 1.4 < 0.62 1731 20 1.64 0.92 0.56 3.10 0.26 1.35 0.54 2.11 1.42 0.33 2.75 0.57 1.26 0.07 0.36 0.03 < 0.1 0.03 0.03 






81.0 42.0 287.1 312.0 < 0.32 < 0.39 771 1 < 0.029 < 0.097 0.63 0.08 0.06 0.15 < 0.092 0.02 < 0.11 < 0.011 0.05 0.02 0.08 0.01 0.07 0.01 0.50 < 0.018 0.00 






362.0 48.0 15.1 291.0 3.1 < 0.37 1111 20 2.52 1.56 0.49 3.84 0.17 1.02 0.31 1.63 0.95 0.24 2.04 0.45 0.94 0.08 0.16 0.02 0.59 < 0.021 0.12 






313.0 < 23 82.8 276.0 1.2 < 0.23 1421 17 1.39 0.93 1.27 2.52 0.29 1.24 0.56 1.17 1.23 0.32 2.76 0.59 1.11 0.07 0.15 0.02 1.40 < 0.015 0.03 






158.0 < 21 37.0 194.0 < 0.56 < 0.48 1651 63 1.70 0.60 0.36 2.14 0.52 4.10 2.30 5.98 5.69 1.25 9.86 2.20 4.86 0.41 1.35 0.10 < 0.056 < 0.022 0.02 






< 340 68.0 347.0 490.0 < 0.87 < 1 599 1 < 0.13 < 0.5 0.65 0.08 0.06 0.11 < 0.2 0.08 < 0.48 < 0.018 < 0.079 < 0.026 < 0.056 < 0.026 < 0.19 < 0.017 0.41 < 0.065 0.00 






172.0 < 20 7.0 51.0 < 0.59 < 0.47 1775 52 1.46 0.67 0.25 1.28 0.33 1.93 1.16 5.38 3.08 0.72 6.51 1.49 3.55 0.29 1.04 0.07 < 0.11 < 0.016 0.01 






526.0 30.4 90.0 350.0 0.3 < 0.51 1740 33 1.83 0.73 0.23 1.51 0.37 2.73 1.60 1.76 4.57 0.94 7.18 1.29 1.95 0.10 0.13 < 0.012 < 0.077 0.02 0.03 






400.0 < 21 54.0 148.0 < 0.48 < 0.48 1837 16 1.81 0.65 0.31 0.55 0.08 0.32 0.20 6.21 0.33 0.08 0.80 0.21 0.63 0.09 0.41 0.05 < 0.094 < 0.018 0.08 






222.0 < 15 5.1 < 41 < 0.41 < 0.49 1609 31 1.61 0.92 0.14 0.71 0.18 0.90 0.65 2.77 2.17 0.54 4.20 0.90 1.69 0.10 0.10 0.01 < 0.043 < 0.018 0.02 
                                  






223.0 10.8 3.0 17.4 < 0.2 < 0.21 1288 22 1.46 0.51 0.29 1.09 0.18 0.89 0.46 3.26 1.27 0.28 2.54 0.48 0.91 0.05 0.11 0.01 0.22 < 0.0049 0.01 

















































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 






228.0 9.5 2.5 19.2 < 0.15 0.2 1624 34 1.29 0.58 0.26 1.07 0.22 1.22 0.60 4.72 1.43 0.36 3.45 0.75 1.52 0.11 0.32 0.02 0.17 < 0.0049 0.00 






237.0 < 11 2.4 20.6 < 0.27 < 0.16 1472 42 1.31 0.37 0.29 1.65 0.39 2.44 1.21 5.12 3.43 0.81 6.77 1.28 1.92 0.08 0.14 0.00 0.20 < 0.0065 0.00 






196.0 17.0 8.4 21.5 0.6 < 0.24 1806 28 1.70 0.67 0.51 0.90 0.19 0.90 0.32 3.07 0.66 0.19 1.98 0.49 1.27 0.10 0.44 0.04 1.21 0.01 0.03 






251.0 9.6 2.3 20.4 < 0.2 < 0.17 1476 29 1.52 0.43 0.48 1.46 0.19 0.78 0.27 5.67 0.67 0.18 1.83 0.44 1.00 0.07 0.16 0.01 0.24 < 0.0071 0.01 






290.0 45.0 3.0 91.0 0.2 0.5 1386 40 1.46 0.77 0.16 0.78 0.15 1.03 0.61 1.92 1.50 0.36 3.35 0.99 3.12 0.32 1.41 0.12 0.33 0.01 0.01 






221.0 17.5 2.8 20.5 0.7 0.3 1938 34 2.29 0.49 0.33 0.88 0.14 0.70 0.29 3.41 0.81 0.25 2.57 0.68 1.78 0.18 0.55 0.04 0.82 0.03 0.12 






207.0 13.6 4.3 26.1 0.4 0.3 1598 58 1.51 0.90 0.44 1.82 0.48 3.05 1.66 5.12 4.59 1.06 8.79 1.76 2.78 0.15 0.28 0.02 0.47 0.01 0.01 






165.0 < 18 3.9 72.0 0.8 < 0.35 1587 83 1.73 0.99 0.46 0.78 0.21 1.37 0.82 1.44 2.23 0.73 8.19 3.00 9.69 0.99 4.16 0.41 < 0.031 < 0.019 0.04 






< 130 < 19 8.0 64.0 1.8 < 0.45 1608 91 2.02 1.12 1.00 1.50 0.43 2.22 1.16 1.42 2.94 1.01 11.30 3.86 11.66 0.97 3.21 0.28 < 0.069 0.03 0.02 






207.0 16.3 24.5 43.0 0.4 < 0.22 1549 35 1.51 0.63 0.78 1.23 0.28 1.23 0.55 3.28 1.49 0.35 3.61 0.91 2.01 0.13 0.41 0.03 0.91 0.01 0.03 






155.0 18.5 67.8 68.4 0.5 < 0.24 1612 33 0.91 0.84 0.74 0.95 0.27 1.71 0.97 2.10 2.83 0.65 5.52 1.16 1.96 0.09 0.18 0.01 0.56 < 0.0036 0.00 






248.0 11.6 3.5 < 19 0.2 0.2 1439 47 1.53 0.67 0.34 1.38 0.28 1.50 0.76 3.15 2.25 0.55 5.33 1.16 2.30 0.12 0.24 0.01 0.30 < 0.0095 0.01 






218.0 8.9 4.5 20.4 < 0.22 < 0.18 1503 47 1.55 0.73 0.48 1.86 0.29 1.23 0.44 4.36 1.22 0.31 3.38 0.81 1.78 0.10 0.21 0.01 0.16 < 0.0078 0.01 






311.0 39.3 17.3 54.8 0.4 0.2 1711 23 1.30 0.64 0.51 0.88 0.20 0.95 0.36 2.40 1.01 0.25 2.16 0.50 1.04 0.07 0.19 0.02 0.61 0.01 0.01 






254.0 12.1 61.5 27.8 < 0.12 0.2 1624 24 1.33 1.02 0.39 1.69 0.24 1.48 0.68 2.39 2.04 0.49 3.96 0.78 1.26 0.05 0.12 0.01 10.80 < 0.0043 0.01 






293.0 12.2 2.3 40.0 0.3 0.3 1562 42 1.47 0.86 0.41 1.31 0.28 1.36 0.65 4.78 1.59 0.39 3.67 0.84 1.64 0.08 0.18 0.02 0.66 0.01 0.01 






264.0 19.7 2.7 < 31 < 0.43 < 0.46 1473 27 1.35 1.70 0.14 0.93 0.26 1.98 1.12 1.81 3.24 0.74 5.91 1.05 1.53 0.07 0.11 0.01 < 0.042 0.01 0.00 






208.0 < 25 3.1 < 35 < 0.69 < 0.39 1161 18 1.38 0.75 0.12 0.70 0.21 1.58 0.96 1.57 2.71 0.54 4.01 0.72 0.92 0.04 < 0.085 < 0.013 < 0.034 0.02 0.00 






248.0 < 22 < 2 < 49 < 0.46 < 0.65 1155 14 1.66 0.43 0.07 0.45 0.13 1.16 0.58 0.77 2.00 0.42 3.34 0.60 0.75 0.03 0.07 0.01 <  < 0.013 0.01 






341.0 < 23 11.2 89.0 < 0.6 < 0.39 1598 59 1.85 0.67 0.21 1.28 0.38 3.58 2.91 2.74 9.27 2.23 15.95 2.81 3.61 0.11 0.06 0.01 < 0.066 0.02 0.02 






278.0 < 29 3.9 96.0 1.5 < 0.37 1980 37 2.05 0.90 0.70 1.86 0.41 2.44 1.27 3.33 4.08 0.82 6.19 1.20 2.18 0.13 0.42 0.04 <  0.03 0.04 






208.0 8.9 6.3 73.0 0.4 0.2 1398 23 1.46 1.22 0.31 0.78 0.20 1.14 0.58 1.85 1.39 0.35 3.00 0.65 1.14 0.07 0.13 0.01 0.89 0.01 0.01 






< 61 < 20 10.9 < 58 < 0.76 < 0.55 1769 44 1.40 0.60 0.18 1.38 0.34 2.75 2.05 2.57 7.21 1.53 11.10 2.10 2.57 0.10 0.17 < 0.011 < 0.035 < 0.03 0.01 






184.0 < 18 3.1 < 51 0.9 < 0.63 1543 26 1.91 0.40 0.34 1.36 0.28 1.61 0.95 2.08 2.28 0.52 4.27 0.82 1.36 0.07 0.25 0.02 < 0.054 0.03 0.02 






317.0 < 22 8.2 70.0 1.0 < 0.56 1506 33 1.78 0.52 0.78 1.63 0.33 1.96 0.90 4.19 2.44 0.53 4.36 0.90 1.75 0.12 0.35 0.02 < 0.047 0.03 0.03 






< 180 < 16 < 5 < 50 2.6 < 0.88 1163 41 1.54 1.21 0.81 1.77 0.35 1.92 0.78 2.29 2.00 0.48 4.41 1.33 3.35 0.22 0.92 0.06 < 0.036 0.02 0.04 






277.0 15.3 3.0 33.0 0.2 0.2 1354 13 1.45 0.42 0.32 0.59 0.08 0.35 0.11 3.03 0.33 0.09 0.82 0.18 0.50 0.03 0.15 0.02 0.63 0.01 0.02 






170.0 < 15 8.8 < 55 1.4 < 0.29 1466 34 1.54 1.44 1.01 1.31 0.33 1.43 0.64 4.19 1.18 0.32 2.94 0.84 2.37 0.23 1.00 0.09 < 0.071 < 0.011 0.03 






322.0 29.0 4.5 < 60 < 0.9 < 1.1 1445 29 1.23 4.90 0.25 0.72 0.12 0.76 0.37 2.98 1.01 0.20 2.31 0.53 1.58 0.08 0.43 0.03 < 0.077 < 0.024 0.01 






226.0 21.0 < 2.3 70.0 < 0.5 < 0.51 1212 17 1.43 0.88 0.09 0.56 0.17 0.94 0.66 0.91 2.11 0.43 3.44 0.59 0.91 0.04 0.08 < 0.012 < 0.034 < 0.02 0.01 






9900.0 40.0 133.0 540.0 < 1 < 0.71 1364 16 1.36 0.83 0.48 1.07 0.20 1.03 0.30 1.58 0.63 0.10 1.32 0.38 0.88 0.06 0.33 0.04 < 0.087 < 0.025 0.04 






< 280 52.0 149.0 189.0 < 0.58 < 0.57 760 12 0.36 0.53 1.62 1.34 0.26 1.63 0.40 0.59 0.76 0.30 1.73 0.38 0.58 0.08 0.24 0.04 < 0.068 < 0.025 0.03 
Barewood – unpublished data from Emma Scanlan  








830.0 165.0 7.1 98.0 7.1 0.2 6040 955 76.10 0.58 17.16 109.50 31.26 303.30 219.90 73.19 408.30 70.02 398.00 65.54 124.60 10.89 37.83 2.70 9.88 0.97 0.04 








117.4 5.1 1.3 20.5 2.7 0.1 5286 979 70.80 0.56 19.17 128.90 35.85 336.60 222.80 75.00 387.90 65.10 370.30 61.03 118.60 11.04 41.35 3.08 4.70 0.44 0.07 








440.0 101.0 29.1 330.0 17.3 0.6 5538 979 76.60 0.64 27.30 132.20 33.70 314.00 218.50 72.40 405.10 68.90 397.80 65.50 124.20 11.26 41.10 2.95 13.50 1.69 0.11 


















































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 








111.0 17.8 5.7 124.0 10.3 0.5 3292 509 32.14 0.37 16.40 88.50 22.42 201.10 124.70 39.46 205.60 32.65 183.60 30.52 59.00 5.38 20.42 1.56 7.93 1.27 0.08 








8.7 1.3 2.4 16.4 1.3 0.0 6540 474 6.39 0.61 25.74 85.10 13.09 76.30 30.10 41.40 45.50 8.98 65.40 13.88 38.80 5.46 31.50 3.06 8.68 0.92 0.99 








96.0 57.0 27.9 420.0 5.2 0.3 7080 212 5.92 0.75 28.50 53.20 5.92 26.60 8.46 17.57 12.29 2.48 18.70 4.18 13.48 2.42 17.24 1.99 13.52 2.13 3.11 








104.6 46.0 420.0 520.0 20.4 1.3 5052 909 60.90 0.58 11.89 75.60 21.12 207.80 165.80 52.00 342.00 57.40 333.00 60.00 109.90 9.11 30.95 2.38 23.40 0.97 0.22 








116.0 12.6 9.0 96.0 6.4 0.1 5680 998 40.40 0.61 14.60 62.40 16.79 161.60 121.70 42.72 287.90 48.70 303.00 58.50 115.70 9.67 34.00 2.90 7.63 1.00 0.34 








101.2 5.8 2.0 28.2 3.3 0.1 4352 994 63.00 0.60 44.00 148.00 35.60 302.00 175.50 65.10 302.00 51.80 316.50 56.80 115.50 10.87 41.40 3.16 4.38 0.62 0.09 








115.8 2.0 1.3 19.2 2.7 0.1 4792 1029 70.14 0.57 14.83 102.90 29.43 292.10 194.20 65.60 354.40 59.70 365.80 65.60 133.40 11.80 41.60 2.89 4.50 0.07 0.01 
                                  








270.0 66.0 2.5 34.3 35.2 0.0 4676 107 1.80 1.26 21.40 73.60 11.60 60.90 14.00 7.23 14.50 1.95 12.30 3.02 9.03 1.11 6.23 1.05 56.30 2.53 1.11 








5.9 4.3 2.1 40.4 20.7 0.1 3656 53 1.05 1.40 14.41 41.90 6.11 30.60 6.69 6.95 7.22 0.96 5.77 1.35 3.93 0.53 3.56 0.67 20.05 1.23 1.12 








4.7 2.4 1.8 20.1 5.8 0.0 2853 76 1.17 0.36 15.38 56.90 9.46 52.46 12.63 10.47 14.40 1.82 10.71 2.42 6.34 0.69 3.56 0.54 14.30 0.44 0.28 








7.6 2.5 1.3 14.6 4.4 0.0 3525 203 1.58 0.44 19.81 96.10 17.12 103.50 25.84 11.76 32.88 4.41 27.85 6.91 18.82 1.97 9.43 1.46 5.46 0.41 0.35 








1.9 1.3 1.9 11.7 0.4 0.0 4426 59 1.07 0.44 7.47 13.29 1.56 7.10 1.63 3.03 2.27 0.34 2.73 0.82 3.30 0.63 5.57 1.21 2.88 0.30 2.37 








6.5 1.8 3.2 28.0 2.0 0.0 5100 36 1.14 0.46 10.17 18.43 2.07 8.28 1.57 2.05 1.78 0.28 1.93 0.59 2.20 0.38 3.31 0.74 5.60 0.47 2.08 








9.6 1.8 2.6 16.3 4.9 0.0 4292 48 1.40 0.58 14.57 34.40 4.45 21.20 4.35 4.52 4.74 0.63 3.91 1.01 3.29 0.50 3.82 0.78 9.07 0.70 1.58 








2.5 1.5 1.6 10.0 0.5 0.0 4280 102 1.03 0.44 20.10 59.30 8.40 38.90 8.00 7.10 9.20 1.26 8.40 2.35 7.60 1.04 6.74 1.28 2.38 0.34 1.92 








3.0 1.4 2.2 40.0 8.4 0.0 4316 69 1.08 0.53 14.91 35.60 4.62 21.20 4.26 4.71 4.83 0.68 4.67 1.27 4.48 0.71 5.50 1.14 10.31 0.88 2.33 








6.3 1.6 2.8 18.8 18.4 0.0 4855 50 1.26 0.82 12.38 28.79 4.18 21.12 5.08 3.32 5.26 0.73 4.56 1.15 3.71 0.54 4.19 0.89 25.40 1.30 2.92 








86.0 18.7 4.3 52.3 56.8 0.1 5107 49 1.25 1.09 14.80 29.45 3.78 17.20 4.34 3.66 4.01 0.59 3.72 0.92 3.11 0.54 4.58 1.02 50.40 2.50 2.04 








730.0 116.0 1.7 37.8 14.5 0.1 4152 814 41.40 0.74 32.45 232.30 65.60 600.00 354.30 95.30 533.00 80.70 399.00 55.20 94.70 8.44 31.51 2.21 14.80 3.55 0.10 








49.5 1.2 1.2 9.8 1.8 0.1 4276 848 28.77 0.78 29.31 153.80 32.07 233.60 108.00 65.60 166.10 27.97 176.90 33.89 80.30 9.15 40.97 3.47 3.94 0.22 0.13 








133.3 1.4 1.0 11.3 8.0 0.1 5260 955 87.00 0.58 20.01 137.60 38.30 391.10 256.50 75.51 484.00 76.80 416.40 66.00 118.30 10.46 37.44 2.68 8.56 0.25 0.07 








97.8 1.3 1.3 11.5 8.6 0.1 4438 721 57.69 0.78 21.50 140.60 36.42 330.10 206.00 67.20 326.40 51.94 293.40 43.73 83.70 7.76 29.31 2.05 10.90 0.44 0.09 
                                  








10.2 28.0 1.3 65.0 0.9 0.0 3515 66 1.21 0.25 22.80 46.60 5.48 22.60 3.60 10.89 3.83 0.53 3.81 1.04 3.89 0.63 4.67 0.85 1.95 0.42 1.07 








3.0 1.7 0.5 9.3 1.1 0.0 2352 109 0.95 0.19 18.74 38.21 4.32 16.50 3.05 18.64 3.62 0.58 4.66 1.34 5.62 1.02 7.72 1.32 0.98 0.14 0.17 








8.1 1.7 0.7 9.4 0.9 0.0 3334 109 1.35 0.17 28.76 102.40 15.55 78.90 15.15 16.33 14.96 1.84 11.84 2.66 8.01 0.95 4.68 0.62 1.26 0.01 0.00 








8.9 18.4 1.9 159.0 3.8 0.6 3055 120 1.32 0.26 23.10 70.30 9.30 43.30 8.65 18.00 9.38 1.25 8.77 2.25 7.54 1.10 7.17 1.12 2.46 0.28 0.24 








< 0.45 1.6 0.8 8.4 0.9 0.0 3541 66 0.94 0.16 20.69 44.27 5.48 23.14 4.20 7.97 4.21 0.58 4.30 1.10 4.06 0.67 5.00 0.89 1.16 0.25 0.44 








1.7 1.7 0.5 11.6 0.7 0.0 2304 105 0.97 0.21 18.74 40.34 4.95 21.15 4.24 16.94 4.79 0.72 5.46 1.48 5.77 0.97 7.40 1.26 0.83 0.23 0.10 








16.1 13.3 1.1 75.0 2.1 0.2 3045 83 1.49 0.66 25.80 53.70 5.96 23.00 3.85 12.18 4.00 0.57 4.43 1.19 4.66 0.82 6.21 1.10 1.68 0.74 0.42 








< 0.56 1.7 0.6 8.3 0.9 0.0 2768 140 1.25 0.16 26.99 72.30 9.56 41.70 7.82 18.58 8.66 1.22 8.87 2.34 8.27 1.24 7.93 1.20 0.94 0.22 0.03 








4.1 1.7 0.6 8.5 0.8 0.0 2777 107 1.21 0.18 23.64 54.51 6.84 29.50 5.72 14.23 6.38 0.90 6.51 1.71 6.28 1.02 7.07 1.21 1.06 0.42 0.17 








4.7 4.9 2.7 39.0 2.0 0.1 2538 135 1.47 0.54 15.69 65.80 11.69 68.90 17.76 29.60 21.29 2.67 17.45 3.82 9.98 1.01 4.14 0.47 1.30 0.03 0.01 








52.0 3.3 0.9 62.0 1.5 0.0 2738 95 1.17 1.94 26.10 72.00 9.55 42.20 7.79 19.53 7.62 1.02 7.07 1.72 5.74 0.82 5.05 0.76 1.72 0.25 0.04 








< 0.47 1.7 0.6 8.6 0.8 0.0 2583 102 1.10 0.40 22.80 65.00 9.12 42.20 8.30 17.20 8.80 1.21 8.30 2.05 6.57 0.86 5.00 0.75 0.96 0.17 0.09 








2.4 1.7 1.0 10.0 0.6 0.0 3284 29 1.11 0.18 15.48 21.30 1.98 6.45 0.89 5.04 0.92 0.14 1.11 0.31 1.34 0.27 2.61 0.57 1.48 0.47 1.60 



















































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 








2.2 1.7 0.6 8.0 0.7 0.0 2893 69 1.18 0.15 18.62 45.30 6.05 26.60 4.83 14.08 5.00 0.67 4.77 1.22 4.21 0.62 4.15 0.68 1.06 0.23 0.05 
Alta Lode - Wilson (2017) 








BDL BDL BDL 121.2 95.0 BDL 4789 252 BDL NA BDL 81.80 BDL 97.80 44.93 41.95 64.49 BDL 66.53 BDL BDL BDL BDL BDL BDL BDL BDL 








61.8 3.0 1.3 449.0 181.0 0.1 4183 194 1.49 NA 13.20 74.32 15.83 97.70 42.45 34.24 59.98 10.27 59.34 10.10 20.81 1.98 7.65 0.60 11.11 0.31 0.30 








22.1 1.5 1.3 BDL BDL 0.0 5348 62 1.15 NA 10.07 23.38 3.22 14.34 4.65 10.84 6.31 1.22 8.33 1.70 4.63 0.68 4.26 0.48 33.70 0.31 2.81 








16.0 1.4 0.5 33.2 1.5 0.0 6503 30 1.12 NA 7.70 11.44 1.22 5.01 1.69 7.25 2.25 0.42 2.88 0.59 1.74 0.33 2.70 0.36 24.91 0.26 5.45 








47.5 1.5 0.4 39.6 5.5 0.0 4228 209 1.17 NA 18.68 81.60 13.75 70.70 26.50 44.40 35.20 6.37 39.90 7.34 17.94 2.15 10.30 0.88 11.15 0.13 BDL 








62.0 2.7 0.6 51.6 11.1 0.1 4171 284 1.45 NA 15.80 97.50 21.10 135.90 61.90 45.98 91.30 15.80 92.90 16.02 32.83 3.05 11.25 0.84 10.21 0.10 BDL 








34.3 1.8 0.5 38.6 4.3 0.0 4743 175 1.18 NA 19.88 64.60 9.67 46.80 17.91 37.93 24.44 4.51 28.51 5.40 13.87 1.87 10.19 1.00 16.89 0.30 1.97 








19.5 1.5 1.1 59.0 28.2 0.0 6122 41 1.26 NA 10.25 15.40 1.89 8.50 2.97 7.80 3.95 0.76 5.00 1.00 2.73 0.45 3.45 0.46 37.60 0.45 3.91 








12.4 1.4 0.5 32.6 BDL 0.0 4202 74 1.15 NA 14.06 32.24 5.16 30.50 14.38 20.54 19.31 3.00 16.54 2.68 5.93 0.75 4.50 0.51 12.65 0.66 4.11 








21.5 1.4 0.9 32.3 1.6 0.0 4772 158 1.27 NA 30.40 66.40 7.56 29.89 8.67 29.31 11.72 2.32 16.82 3.64 10.76 1.72 11.27 1.22 21.34 1.03 3.51 








15.0 1.4 0.6 53.5 23.9 0.0 4566 76 1.14 NA 17.23 30.40 3.22 12.08 3.34 19.98 4.62 0.96 7.00 1.53 4.75 0.81 5.83 0.69 17.61 0.50 5.16 








44.5 1.7 0.7 69.3 39.2 0.0 4391 159 1.26 NA 25.12 60.16 6.88 26.60 8.30 39.14 11.16 2.20 15.70 3.34 10.37 1.68 10.48 1.06 16.47 1.45 2.76 








49.8 1.5 0.4 47.7 18.4 0.0 3540 174 1.31 NA 14.19 82.30 16.51 94.50 35.20 32.33 46.70 8.12 48.50 8.43 17.76 1.73 6.78 0.52 8.22 BDL BDL 








85.0 1.7 0.4 33.1 BDL 0.1 4480 435 1.77 NA 19.38 125.90 31.85 238.10 129.90 74.72 192.90 31.63 171.40 27.34 51.64 4.55 16.61 1.26 10.64 0.14 0.55 








25.3 1.6 0.6 37.0 2.1 0.0 4684 58 1.07 NA 7.80 22.10 3.69 BDL BDL 16.10 BDL BDL BDL BDL BDL 0.58 3.14 0.31 11.72 0.15 4.25 
                                  








BDL BDL BDL 66.3 BDL BDL 4129 357 BDL NA 26.78 125.30 BDL 94.20 29.81 71.37 39.24 BDL 51.54 BDL 28.48 BDL BDL BDL BDL BDL BDL 








107.0 21.2 0.8 182.0 51.2 0.4 3671 210 1.55 NA 15.04 77.60 14.84 84.60 32.60 39.03 45.10 8.30 52.00 9.44 20.98 2.16 8.86 0.72 8.22 0.11 0.13 








99.0 16.6 0.5 57.8 11.2 0.4 3809 206 1.19 NA 21.32 81.60 13.52 70.20 25.93 42.90 34.50 6.22 39.40 7.35 17.48 2.06 10.01 0.90 10.14 0.21 0.93 








300.0 77.0 0.4 63.0 30.9 0.2 5976 114 1.04 NA 11.14 37.90 6.31 31.50 10.95 19.90 16.10 3.03 20.40 3.98 9.69 1.14 5.56 0.51 11.32 0.30 1.63 








40.9 2.6 1.3 710.0 770.0 0.0 4164 99 1.10 NA 14.65 39.89 5.39 24.10 8.30 25.92 10.73 1.95 12.50 2.42 6.59 0.99 6.01 0.62 12.43 0.27 3.36 








93.9 43.3 0.7 229.5 131.5 2.7 4507 287 1.45 NA 20.86 116.90 22.65 127.80 48.65 55.00 65.20 11.45 70.10 12.64 27.99 2.91 12.12 0.97 13.04 0.49 0.43 








11.3 1.4 0.5 30.0 5.5 0.0 4628 117 1.12 NA 20.82 44.79 5.80 24.63 7.78 30.04 10.46 2.02 13.98 2.84 7.83 1.18 7.28 0.77 11.91 0.39 4.62 








38.0 3.1 0.7 76.4 43.0 0.0 5251 124 1.17 NA 14.26 45.80 7.78 42.30 16.50 27.80 22.90 4.05 25.00 4.55 10.60 1.27 6.56 0.66 17.00 0.34 3.20 








36.3 1.7 0.6 31.9 3.6 0.0 5270 152 1.13 NA 20.08 61.10 8.62 38.47 12.28 29.39 16.26 3.14 21.21 4.25 11.37 1.51 8.58 0.83 13.69 0.31 3.24 








BDL BDL BDL 33.2 BDL BDL 4009 340 1.51 NA 24.23 136.10 28.19 170.60 70.28 59.53 96.20 16.52 96.90 16.61 34.21 3.32 13.11 1.02 8.38 0.09 0.05 








71.2 13.8 0.7 87.0 33.6 0.8 4510 430 1.36 NA 27.07 133.40 24.69 133.40 50.58 87.38 70.13 13.14 86.16 16.38 39.39 4.56 20.48 1.72 14.05 0.23 0.67 








193.0 6.8 0.4 39.8 3.0 0.1 3845 151 1.35 NA 14.56 59.30 9.88 48.60 16.86 26.09 23.35 4.42 29.10 5.70 13.67 1.57 7.02 0.61 9.44 0.11 0.05 








71.9 1.5 0.4 45.0 21.1 0.0 4011 263 1.52 NA 19.18 117.20 25.77 166.20 74.12 45.92 99.60 16.42 90.41 14.88 29.00 2.60 9.71 0.72 10.82 0.33 0.15 








49.2 12.5 1.7 273.8 229.7 0.4 5549 92 1.14 NA 11.56 35.40 6.10 33.50 13.92 20.75 19.10 3.35 19.80 3.53 7.97 0.96 5.19 0.54 21.24 0.40 2.74 








68.9 2.0 1.0 115.0 86.0 0.0 4290 174 1.22 NA 21.90 71.60 10.50 47.40 15.00 36.40 19.70 3.75 25.20 4.94 12.90 1.73 9.48 0.91 14.29 0.39 2.48 
                                  








77.2 1.7 0.5 32.0 3.0 0.1 4457 359 1.25 NA 25.71 136.10 26.61 153.10 60.30 54.78 83.30 14.83 90.90 16.38 35.81 3.68 15.03 1.21 10.99 0.28 0.17 








36.7 1.7 0.6 42.6 52.0 0.0 4750 91 1.20 NA 6.23 39.40 9.80 68.50 35.94 21.71 48.37 7.39 37.54 5.51 9.85 0.81 2.79 0.20 9.39 0.05 0.06 


















































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 








42.5 3.6 0.9 32.1 3.9 0.0 4882 161 1.24 NA 18.41 62.80 10.33 53.90 21.56 35.32 29.00 5.16 31.60 5.62 13.09 1.60 8.28 0.77 18.61 0.52 2.52 








67.4 1.4 0.4 29.7 3.1 0.0 4026 416 1.56 NA 30.86 153.80 25.59 125.80 42.07 67.36 58.46 11.57 78.78 15.62 38.71 4.37 18.04 1.45 11.13 1.48 0.63 








15.2 1.4 0.5 31.9 1.7 0.0 4105 29 1.10 NA 4.99 11.25 1.61 7.77 2.91 8.56 3.98 0.71 4.52 0.85 2.16 0.30 1.89 0.22 9.81 0.07 1.24 








26.4 1.5 0.5 32.2 1.8 0.0 4252 42 1.05 NA 5.83 15.80 2.94 17.92 8.13 9.70 11.23 1.88 10.62 1.80 3.86 0.43 2.38 0.25 9.31 0.13 0.26 








29.2 1.8 0.3 33.1 6.1 0.0 4533 91 1.19 NA 7.25 40.46 10.14 73.83 41.29 22.44 54.25 8.05 38.92 5.48 9.57 0.80 2.99 0.23 8.36 0.09 0.20 








48.1 32.5 0.6 94.0 3.0 1.2 4552 135 1.44 NA 9.17 62.00 15.72 114.40 59.58 31.57 81.10 12.08 59.98 8.85 15.29 1.23 4.14 0.28 8.44 0.14 0.04 








43.6 4.8 9.6 46.4 5.6 0.1 4309 132 1.27 NA 9.25 52.98 12.80 91.10 49.20 29.40 65.90 10.11 51.70 7.75 14.01 1.24 4.53 0.34 8.95 0.04 0.11 








47.7 1.5 0.3 30.3 2.1 0.0 3616 192 1.37 NA 11.54 76.96 18.52 129.14 67.79 40.17 93.00 14.72 75.92 11.53 21.33 1.87 6.71 0.51 8.99 0.03 0.02 








48.7 1.9 0.5 32.9 2.3 0.0 4437 80 1.22 NA 5.79 36.15 9.14 64.69 33.30 19.29 43.63 6.76 34.01 5.00 8.64 0.70 2.43 0.17 9.15 0.08 0.12 








24.4 1.4 0.6 30.9 1.5 0.0 5183 93 1.11 NA 14.21 37.86 5.57 26.77 9.66 18.41 13.12 2.37 15.05 2.83 7.13 0.95 5.61 0.59 15.69 0.33 3.02 








16.6 1.4 1.1 31.2 1.5 0.0 5205 81 1.13 NA 14.13 30.78 3.79 15.71 4.78 15.36 6.49 1.31 9.27 1.95 5.64 0.86 5.50 0.60 28.60 0.36 3.39 








38.7 1.6 0.7 31.7 3.8 0.0 5137 177 1.43 NA 10.56 59.70 12.82 81.32 37.25 33.37 52.87 9.07 52.16 8.86 18.48 1.80 7.02 0.54 9.55 0.14 0.31 
                                  








81.5 1.4 0.6 29.9 3.2 0.1 3288 559 1.88 NA 38.90 224.80 46.60 291.80 123.90 76.01 171.60 30.01 175.60 30.35 63.46 6.26 24.43 1.92 9.20 0.53 0.14 








56.1 1.3 0.5 29.5 2.4 0.1 3315 571 1.69 NA 30.82 191.00 41.07 259.80 112.40 85.56 161.70 28.58 170.20 30.03 63.92 6.27 24.56 1.94 10.20 0.12 0.02 








31.1 1.4 0.5 31.2 1.3 0.0 3353 91 1.13 NA 16.59 34.23 3.79 14.43 4.03 24.79 5.66 1.17 8.86 1.97 6.06 0.97 6.14 0.65 9.08 0.24 1.03 








127.0 15.3 0.9 108.6 10.1 0.1 3567 533 1.66 NA 26.71 166.90 36.14 230.10 100.10 78.20 144.20 25.69 156.20 28.17 61.25 6.17 24.76 2.03 12.03 0.15 0.23 








14.5 1.4 0.5 29.3 1.2 0.0 4667 57 1.09 NA 13.59 21.55 2.37 9.43 2.91 14.06 3.90 0.74 5.16 1.08 3.33 0.60 4.66 0.58 14.81 0.52 5.95 








58.7 1.3 0.4 29.4 2.2 0.1 3756 563 1.40 NA 26.64 167.70 36.75 238.30 114.30 104.60 162.60 28.07 163.50 27.82 59.73 6.12 25.22 2.02 9.48 0.08 0.02 








81.3 3.3 0.5 63.0 36.0 0.1 3506 386 1.60 NA 35.00 205.00 41.50 253.00 121.00 87.50 163.70 26.05 137.00 21.75 42.90 4.03 16.15 1.27 9.46 0.57 0.50 








39.3 1.9 0.8 36.1 9.2 0.0 4384 196 1.31 NA 15.33 79.20 17.61 119.20 60.00 45.24 79.90 12.66 66.10 10.23 20.18 1.95 8.42 0.73 14.12 0.16 1.26 








32.6 1.5 0.5 29.1 1.7 0.0 4203 218 1.29 NA 25.46 88.50 14.02 72.30 27.75 49.12 38.60 6.93 42.84 7.78 18.61 2.24 11.36 1.09 12.11 0.77 2.99 








83.6 1.4 0.3 29.7 2.6 0.1 4553 375 1.69 NA 14.57 109.30 28.86 222.00 127.60 73.19 187.10 29.87 157.70 24.57 45.96 4.00 14.37 1.05 10.03 0.03 0.01 








94.4 1.4 0.3 29.3 3.1 0.1 4503 470 1.78 NA 18.60 139.30 35.27 261.20 137.30 80.70 203.30 33.59 184.50 29.81 57.02 4.98 17.84 1.31 9.81 0.04 0.02 








27.0 1.5 0.9 30.7 1.6 0.0 5180 34 1.08 NA 7.07 12.51 1.53 6.98 2.49 7.36 3.44 0.62 4.06 0.78 2.20 0.36 2.73 0.36 20.36 0.23 2.82 








59.7 4.3 1.0 84.3 41.9 0.2 4722 272 1.24 NA 22.98 108.30 18.97 101.60 38.27 48.71 53.00 9.64 60.60 11.18 25.95 2.85 12.33 1.05 14.07 0.22 0.52 








120.0 17.4 0.6 41.3 7.6 0.1 4139 236 1.23 NA 24.46 83.68 12.28 63.30 26.86 53.74 36.76 6.37 38.75 7.12 18.25 2.45 13.51 1.25 9.12 0.19 1.17 








60.7 1.6 0.4 28.7 2.3 0.0 4012 312 1.31 NA 24.88 130.70 26.11 156.10 67.70 59.10 91.40 15.73 90.60 15.17 31.94 3.25 13.61 1.14 9.82 0.28 0.79 
                                  








20.9 1.8 0.5 74.1 37.8 0.0 4899 73 1.14 NA 10.54 31.15 5.34 28.96 11.84 19.95 15.25 2.62 14.94 2.56 5.89 0.74 4.14 0.44 13.21 0.25 2.19 








23.0 1.6 0.3 30.6 1.2 0.0 3882 129 1.13 NA 26.32 55.71 6.79 29.85 10.05 28.95 13.57 2.53 16.32 3.21 8.73 1.34 8.65 0.95 8.88 0.44 3.45 








36.5 3.1 0.6 202.8 146.0 0.1 4767 139 1.14 NA 17.91 57.70 8.95 45.70 18.12 29.71 25.40 4.53 27.40 4.94 11.56 1.42 7.32 0.71 13.67 0.36 2.40 








34.9 3.8 0.5 106.0 76.1 0.1 4437 225 1.14 NA 25.08 88.80 12.40 56.31 18.82 44.86 26.07 4.89 32.33 6.38 17.08 2.30 11.93 1.09 10.94 0.23 0.84 








55.6 3.3 0.2 103.2 64.8 0.1 4179 207 1.45 NA 11.12 73.58 17.60 121.80 61.97 42.16 90.40 15.05 81.70 13.18 24.46 2.03 7.04 0.50 9.21 0.05 0.04 








68.2 3.1 0.3 56.9 27.7 0.1 3595 323 1.31 NA 18.75 109.49 23.13 145.30 65.98 59.25 93.34 16.14 93.38 15.81 33.11 3.25 12.87 1.01 8.26 0.10 0.04 








57.6 2.6 1.0 485.0 196.0 0.1 4614 256 1.30 NA 19.16 101.90 21.40 136.50 62.60 52.61 86.10 14.38 79.80 13.16 26.57 2.54 10.09 0.83 12.55 0.25 1.01 








19.1 6.0 0.4 41.4 7.3 0.1 4807 77 1.11 NA 13.61 28.50 3.94 20.06 8.08 15.81 11.10 1.97 11.87 2.18 5.50 0.79 5.12 0.57 12.08 0.82 1.92 



















































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 








128.0 20.6 0.5 158.0 106.0 0.1 3741 170 1.14 NA 19.54 61.55 7.81 32.00 10.28 38.09 13.61 2.78 19.56 4.06 11.74 1.74 9.65 0.91 9.40 0.24 0.47 








23.5 1.7 0.4 117.0 78.5 0.0 4067 202 1.09 NA 19.32 78.10 12.60 63.60 25.28 50.60 33.77 6.15 37.57 6.70 16.14 1.96 9.45 0.81 9.20 0.07 0.07 








46.5 1.7 0.4 82.4 51.9 0.0 4671 246 1.71 NA 17.10 72.69 11.57 57.85 21.96 41.41 30.55 5.88 39.33 7.67 20.12 2.67 13.59 1.19 10.93 0.16 0.06 








56.3 1.4 0.3 49.9 21.9 0.0 5054 316 1.22 NA 25.70 123.70 23.10 130.10 53.69 71.39 72.80 12.94 76.83 13.29 29.52 3.17 13.92 1.16 11.78 0.18 1.07 








21.0 2.0 0.4 72.6 37.2 0.0 4877 84 1.07 NA 10.11 29.55 5.05 27.60 11.45 20.18 16.03 2.87 17.47 3.07 7.02 0.85 4.75 0.49 9.56 0.20 1.95 








48.3 1.5 0.3 152.0 105.9 0.0 4876 269 1.27 NA 16.90 98.30 19.62 117.30 51.32 60.98 71.90 12.59 74.20 12.67 27.07 2.71 10.78 0.83 10.53 0.08 0.09 
                                  








34.8 2.0 2.0 270.0 40.4 0.0 5351 192 1.20 NA 17.74 75.50 13.30 73.80 28.10 37.45 38.70 6.87 42.20 7.62 17.47 1.93 9.07 0.81 14.41 0.30 1.65 








41.2 1.4 0.4 28.9 2.5 0.0 4168 167 1.28 NA 16.99 68.20 11.09 58.47 22.79 39.09 30.77 5.45 32.74 5.93 14.06 1.64 7.83 0.69 9.24 0.22 0.07 








16.8 1.4 0.5 29.2 1.9 0.0 4491 53 1.12 NA 8.32 22.40 3.68 19.46 7.37 12.04 10.14 1.77 10.85 1.97 4.48 0.54 3.09 0.33 10.41 0.16 3.12 








25.9 1.5 0.4 28.0 1.9 0.0 4555 145 1.12 NA 21.33 51.40 6.12 24.30 7.18 32.84 9.76 1.95 14.18 3.06 9.49 1.48 9.24 0.96 12.16 0.38 4.37 








22.3 2.3 2.9 396.0 59.7 0.0 3890 108 1.15 NA 13.38 40.08 6.67 37.30 15.39 22.29 21.38 3.75 22.39 4.04 9.39 1.14 6.09 0.63 13.31 0.23 1.96 








13.2 1.4 0.7 27.6 1.9 0.0 4247 30 1.09 NA 9.94 13.00 1.32 5.70 2.14 7.93 2.79 0.51 3.12 0.59 1.65 0.31 2.85 0.38 16.13 0.35 4.01 








20.4 1.5 0.6 28.8 1.7 0.0 3181 42 1.03 NA 9.14 16.11 1.61 5.84 1.66 11.63 2.23 0.45 3.34 0.78 2.50 0.45 3.47 0.41 7.30 0.03 0.04 








35.3 1.6 0.6 32.9 2.0 0.0 3316 108 1.26 NA 8.68 39.70 8.87 57.76 26.14 20.19 36.60 6.18 35.05 5.94 11.90 1.14 4.80 0.42 8.79 0.11 0.54 








48.8 2.6 1.4 143.0 19.1 0.1 4901 184 1.22 NA 18.12 74.10 13.16 72.20 28.36 37.49 38.70 6.77 41.00 7.34 16.46 1.86 8.62 0.76 12.66 0.28 1.88 








63.4 1.4 0.3 28.7 3.1 0.1 4061 466 1.57 NA 31.80 194.80 41.80 261.20 111.79 84.36 152.30 25.60 145.60 24.54 49.51 4.65 17.29 1.27 10.25 0.15 0.04 








49.2 5.4 1.4 189.0 15.4 0.1 3982 139 1.22 NA 17.03 54.88 8.49 42.60 15.21 33.34 20.67 3.79 23.68 4.48 11.17 1.42 7.59 0.72 11.23 0.25 1.38 








33.6 1.6 0.8 32.6 1.7 0.0 4327 59 1.12 NA 14.43 26.70 2.91 11.46 3.63 18.66 4.89 0.89 5.86 1.17 3.43 0.60 4.41 0.52 12.80 0.30 3.57 








42.2 2.5 1.7 143.4 16.6 0.0 4372 141 1.21 NA 15.76 57.00 9.61 51.01 19.60 30.62 26.76 4.69 28.46 5.17 12.12 1.48 7.37 0.68 13.88 0.23 1.25 








35.6 1.7 1.1 38.9 2.7 0.0 4140 80 1.13 NA 13.16 33.01 4.99 25.91 10.18 21.17 13.88 2.36 14.20 2.56 6.15 0.81 4.84 0.52 12.36 0.25 2.52 








38.6 7.9 2.5 350.0 56.5 0.3 4952 151 1.14 NA 15.04 55.42 10.10 58.05 24.28 33.30 34.07 5.83 34.04 5.93 13.18 1.52 7.57 0.69 12.89 0.28 0.95 
                                  








48.3 3.5 0.3 32.3 3.4 0.1 4720 177 1.44 NA 10.35 69.89 18.78 150.10 89.90 38.95 125.40 18.24 86.60 12.25 20.61 1.65 5.64 0.41 9.07 0.07 0.19 








45.5 1.7 0.5 30.6 3.8 0.0 4462 173 1.36 NA 13.70 66.21 13.51 90.85 49.42 37.01 69.50 10.68 54.76 8.51 16.96 1.69 6.98 0.56 9.70 0.06 0.21 








64.0 1.9 0.8 32.0 3.8 0.0 4752 243 1.33 NA 14.29 91.00 20.76 143.30 74.09 48.76 102.34 16.05 83.47 13.09 25.40 2.37 8.98 0.67 9.63 0.19 0.22 








26.5 1.9 0.5 31.9 4.4 0.0 4170 75 1.20 NA 10.38 30.30 6.33 42.10 19.90 16.60 27.40 4.33 23.20 3.71 7.30 0.75 4.07 0.45 11.39 0.32 4.16 
Macraes – Farmer (2016) 





III In-situ NA NA NA NA NA 0.4 2800 51 1.04 0.47 12.20 18.40 2.18 9.88 3.90 5.43 5.92 1.21 8.01 1.57 4.20 0.56 3.45 0.36 1.38 0.29 1.16 





III In-situ NA NA NA NA NA 0.1 4703 154 1.00 0.10 16.30 41.70 5.44 22.70 7.68 9.21 11.30 2.62 19.50 4.32 12.30 1.80 10.20 0.96 2.42 0.21 0.43 





III In-situ NA NA NA NA NA 0.1 5316 157 0.92 0.07 20.40 45.80 5.73 23.60 8.04 8.58 11.10 2.51 17.50 3.89 11.10 1.73 10.90 1.15 2.88 0.41 0.92 





III In-situ NA NA NA NA NA bdl 3282 192 1.17 0.10 15.30 67.70 13.60 79.10 34.10 16.00 48.30 9.30 55.20 9.89 21.00 2.05 8.37 0.63 1.78 0.07 0.14 
                                  





III In-situ NA NA NA NA NA 0.1 3589 455 1.88 0.07 18.90 115.00 26.60 175.00 91.40 47.40 125.00 23.40 132.00 21.80 45.50 4.75 20.20 1.47 3.22 0.13 0.17 





III In-situ NA NA NA NA NA bdl 5324 164 1.12 0.03 20.80 61.20 8.96 42.50 15.20 11.60 20.20 4.08 26.40 4.85 12.40 1.68 10.50 0.96 3.77 0.56 1.02 





III In-situ NA NA NA NA NA bdl 5392 124 0.94 0.03 25.10 43.20 4.19 14.30 3.73 7.68 4.99 1.07 8.39 1.94 6.68 1.29 10.80 1.22 4.58 0.42 1.47 










































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 





III In-situ NA NA NA NA NA bdl 6933 124 1.05 0.27 14.00 38.30 6.67 35.80 14.80 8.40 20.60 4.03 24.40 4.49 10.50 1.41 8.87 0.96 4.95 0.51 1.39 





III In-situ NA NA NA NA NA bdl 9725 100 1.02 0.04 18.90 32.60 3.51 13.30 3.52 3.34 4.85 1.12 8.03 1.82 6.20 1.16 9.37 1.15 10.30 0.62 1.84 





III In-situ NA NA NA NA NA bdl 9781 168 1.01 0.03 27.40 54.00 5.50 18.90 4.93 5.04 6.76 1.53 12.00 2.86 10.20 2.00 16.20 1.87 16.00 0.77 1.82 





III In-situ NA NA NA NA NA 0.0 5109 236 1.40 0.10 5.09 70.80 23.90 179.00 90.00 38.40 124.00 22.60 122.00 18.50 31.80 2.39 7.75 0.45 2.70 0.03 0.03 
                                  





III In-situ NA NA NA NA NA 0.2 6441 273 1.08 0.10 26.30 71.20 9.08 34.10 8.82 8.75 12.30 2.93 23.00 5.64 19.30 3.42 24.20 2.68 4.93 0.67 1.34 





III In-situ NA NA NA NA NA 0.0 5668 52 0.89 bdl 10.80 12.60 0.95 2.56 0.51 1.08 0.82 0.21 1.82 0.56 2.43 0.62 6.34 0.92 3.22 0.48 1.33 





III In-situ NA NA NA NA NA bdl 4922 275 1.03 0.08 16.60 70.00 12.10 58.30 20.40 14.60 28.20 6.20 42.80 8.96 23.80 3.19 16.60 1.46 3.50 0.27 0.58 





III In-situ NA NA NA NA NA bdl 5760 230 1.00 0.08 23.60 66.70 9.41 40.10 12.20 9.70 16.20 3.65 26.70 5.75 16.90 2.68 16.90 1.76 3.11 0.46 1.15 





III In-situ NA NA NA NA NA 0.0 5395 522 1.13 bdl 29.40 124.30 18.70 77.10 21.80 20.10 29.50 6.88 54.10 12.90 40.20 6.29 36.30 3.34 2.54 0.19 0.23 
                                  





III In-situ NA NA NA NA NA 0.1 4271 857 2.37 0.12 37.50 219.00 46.50 287.00 1230.00 75.00 186.00 39.10 235.00 41.10 90.20 9.25 38.80 2.77 4.41 0.07 0.01 





III In-situ NA NA NA NA NA bdl 5406 152 1.29 0.19 19.30 51.20 8.20 42.80 17.80 14.70 23.80 4.84 29.70 5.33 12.70 1.65 10.00 0.99 5.46 0.69 2.57 





III In-situ NA NA NA NA NA 0.0 5124 80 0.93 0.23 18.80 20.70 1.68 5.21 1.51 5.60 2.07 0.53 4.15 0.99 3.85 0.96 9.69 1.25 5.74 1.37 3.24 





III In-situ NA NA NA NA NA bdl 5009 145 1.54 0.29 11.00 46.20 9.20 54.90 22.60 13.40 30.70 6.34 40.10 7.04 15.30 1.56 6.97 0.53 6.00 0.11 0.43 





III In-situ NA NA NA NA NA bdl 5467 157 1.24 0.20 21.30 51.40 7.09 33.00 12.20 14.20 16.40 3.57 23.20 4.61 11.80 1.70 10.60 1.00 5.21 0.36 0.73 
















































III In-situ NA NA NA NA NA bdl 5870 105 0.93 0.17 20.70 32.80 3.21 11.50 3.44 8.94 4.64 1.09 8.31 1.74 5.85 1.07 8.54 0.88 573.50 0.98 2.45 
























III In-situ NA NA NA NA NA bdl 6442 65 1.07 0.27 13.30 21.20 2.35 9.74 3.58 5.15 4.84 1.03 7.10 1.40 4.10 0.68 5.61 0.67 16.80 0.83 2.32 
















III In-situ NA NA NA NA NA bdl 6245 222 1.17 0.20 29.30 73.10 9.59 41.50 13.50 15.40 18.80 4.16 29.30 5.99 16.90 2.59 15.80 1.52 7.70 1.00 2.52 
































III In-situ NA NA NA NA NA bdl 5633 193 4.01 0.12 7.62 57.00 15.80 119.00 67.40 26.20 92.30 16.30 87.40 13.30 24.10 2.01 6.78 0.46 2.64 0.11 0.06 



















































































































III In-situ NA NA NA NA NA 0.0 7659 67 0.99 0.15 8.50 16.30 2.41 14.30 7.11 5.49 9.43 1.81 10.90 1.88 4.56 0.63 4.28 0.43 5.35 0.39 0.98 
                                  





III In-situ NA NA NA NA NA bdl 9183 174 1.22 0.11 16.40 39.90 5.62 26.00 9.85 9.34 13.60 3.02 21.10 4.48 13.10 2.19 14.50 1.52 10.10 0.52 0.88 





III In-situ NA NA NA NA NA bdl 7613 116 1.33 0.41 12.50 28.70 4.42 22.70 9.36 7.13 13.00 2.76 17.40 3.45 9.05 1.39 9.41 1.03 5.83 0.43 0.78 





























III In-situ NA NA NA NA NA bdl 7286 115 0.95 0.10 14.90 25.30 2.80 11.50 4.00 5.10 5.50 1.28 9.28 2.15 7.22 1.44 11.90 1.44 3.53 0.44 0.97 
















III Unknown NA NA NA NA NA 0.1 5918 78 0.97 bdl 8.09 20.70 3.20 16.40 5.80 3.15 8.32 1.87 12.50 2.49 6.84 0.95 6.49 0.70 6.30 0.26 1.70 
Glenorchy – Scanlan (2018)  





IIB In-situ 11.1 NA 0.9 44.6 NA 0.0 4055 58 1.99 NA 18.48 75.40 11.71 55.20 11.76 8.38 11.75 1.56 9.67 1.95 5.10 0.56 2.68 0.31 NA NA NA 





IIB In-situ 5.6 NA 0.5 42.1 NA 0.0 4705 44 1.66 NA 24.03 48.00 4.93 16.95 2.83 4.70 2.78 0.44 3.32 0.80 2.83 0.45 3.10 0.45 NA NA NA 





IIB In-situ 4.8 NA 0.6 40.9 NA 0.0 6409 5 1.95 NA 3.87 6.68 0.73 2.99 0.69 0.87 0.73 0.10 0.63 0.13 0.44 0.06 0.37 0.06 NA NA NA 





IIB In-situ 16.1 NA 0.9 41.1 NA 0.0 6414 35 1.81 NA 31.08 37.34 2.92 10.01 2.03 2.60 2.07 0.31 2.23 0.51 1.83 0.37 3.42 0.56 NA NA NA 





IIB In-situ 4.0 NA 0.7 40.4 NA 0.0 6114 26 1.81 NA 16.45 31.41 3.18 11.40 1.98 2.87 2.03 0.31 2.26 0.55 1.88 0.30 1.92 0.27 NA NA NA 





IIB In-situ 8.1 NA 0.8 39.6 NA 0.0 6159 40 1.79 NA 29.55 43.74 4.38 17.52 3.95 3.42 3.92 0.58 3.81 0.80 2.58 0.43 3.53 0.55 NA NA NA 





IIB In-situ 12.4 NA 0.7 41.0 NA 0.0 5246 47 1.97 NA 15.92 52.20 8.18 39.78 9.25 6.43 9.53 1.30 8.22 1.63 4.34 0.49 2.48 0.30 NA NA NA 





IIB In-situ 11.2 NA 1.1 39.3 NA 0.0 5952 12 1.76 NA 9.28 15.67 1.45 4.97 0.89 1.92 0.87 0.13 0.97 0.22 0.83 0.13 0.95 0.15 NA NA NA 





IIB In-situ 8.3 NA 0.9 38.9 NA 0.0 6964 26 1.76 NA 18.90 33.43 3.20 10.90 1.97 3.33 1.95 0.30 2.08 0.48 1.64 0.26 1.88 0.27 NA NA NA 





IIB In-situ 3.3 NA 0.7 38.1 NA 0.0 6787 28 1.71 NA 19.50 36.04 3.59 12.70 2.28 3.54 2.25 0.34 2.37 0.54 1.80 0.29 1.99 0.31 NA NA NA 
                                  





IIB In-situ 4.7 NA 1.0 26.7 NA 0.0 6898 11 1.79 NA 9.68 12.03 1.04 3.59 0.64 1.20 0.65 0.10 0.73 0.17 0.64 0.11 0.95 0.16 NA NA NA 





IIB In-situ 7.0 NA 2.9 27.2 NA 0.0 4626 23 2.27 NA 31.12 77.23 8.25 30.39 5.36 3.28 4.55 0.59 3.57 0.68 1.85 0.22 1.13 0.14 NA NA NA 





IIB In-situ 4.3 NA 0.7 26.9 NA 0.0 5287 8 1.76 NA 3.68 6.79 0.84 3.84 0.96 0.98 0.92 0.13 0.86 0.18 0.57 0.07 0.53 0.08 NA NA NA 





IIB In-situ 8.2 NA 1.1 27.1 NA 0.0 6047 27 1.65 NA 10.18 22.75 2.85 12.99 3.28 3.37 3.53 0.51 3.31 0.69 2.03 0.27 1.64 0.23 NA NA NA 





IIB In-situ 8.0 NA 0.9 27.3 NA 0.0 4705 29 1.49 NA 14.07 26.50 2.60 9.16 1.77 2.77 1.82 0.28 2.19 0.54 1.94 0.30 2.09 0.30 NA NA NA 
                                  





IIB In-situ 12.6 NA 2.1 31.2 NA 0.0 6512 18 1.80 NA 5.96 14.35 1.79 7.31 1.64 3.32 1.66 0.26 1.83 0.37 1.48 0.15 0.91 0.12 NA NA NA 





IIB In-situ 14.1 NA 0.9 31.4 NA 0.0 6638 26 1.81 NA 7.79 20.35 2.51 9.64 2.04 4.43 2.09 0.34 2.43 0.52 1.76 0.21 1.22 0.15 NA NA NA 





IIB In-situ 4.4 NA 1.1 30.6 NA 0.0 7093 45 2.02 NA 32.68 47.95 3.75 10.17 1.37 5.99 1.38 0.22 1.78 0.47 1.99 0.39 3.15 0.50 NA NA NA 





IIB In-situ 20.1 NA 1.2 31.0 NA 0.0 4350 11 2.30 NA 4.15 9.66 1.08 3.99 0.79 2.21 0.83 0.13 0.97 0.21 0.66 0.09 0.57 0.08 NA NA NA 





IIB In-situ 6.2 NA 1.1 30.7 NA 0.0 5521 5 1.79 NA 2.09 5.27 0.71 3.21 0.72 1.19 0.66 0.09 0.52 0.10 0.67 0.04 0.28 0.04 NA NA NA 















































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 





IIB In-situ 19.2 NA 1.9 31.3 NA 0.0 6207 25 1.80 NA 10.09 24.64 2.73 9.61 1.87 3.50 1.90 0.31 2.22 0.48 1.57 0.22 1.32 0.16 NA NA NA 





IIB In-situ 14.5 NA 1.4 30.5 NA 0.0 5370 19 1.79 NA 7.00 14.65 1.62 6.10 1.18 3.76 1.16 0.17 1.25 0.30 1.09 0.16 1.09 0.14 NA NA NA 
                                  





IIB In-situ 71.0 NA 1.1 43.7 NA 0.0 8334 18 1.38 NA 14.60 32.20 3.76 14.94 3.23 2.60 3.05 0.40 2.42 0.46 1.25 0.16 1.02 0.14 NA NA NA 





IIB In-situ 17.6 NA 0.9 28.2 NA 0.0 5176 37 1.71 NA 11.87 41.78 7.89 47.16 14.82 6.01 14.51 1.75 9.42 1.62 3.53 0.35 1.54 0.17 NA NA NA 





IIB In-situ 17.1 NA 1.9 34.7 NA 0.5 5202 34 1.56 NA 10.56 36.01 6.72 40.50 13.24 5.68 13.78 1.76 9.47 1.58 3.35 0.32 1.51 0.17 NA NA NA 





IIB In-situ 29.1 NA 1.3 26.1 NA 0.0 6744 25 1.49 NA 12.47 29.80 3.89 17.56 4.60 3.29 4.83 0.67 4.26 0.81 2.10 0.26 1.45 0.20 NA NA NA 





IIB In-situ 8.4 NA 2.4 26.4 NA 0.0 5842 49 2.15 NA 17.60 57.88 8.60 41.61 10.40 7.30 10.72 1.46 8.87 1.74 4.37 0.49 2.47 0.31 NA NA NA 





IIB In-situ 9.0 NA 0.9 26.4 NA 0.0 5315 43 1.62 NA 22.40 46.90 5.60 24.67 6.27 5.21 6.66 0.93 5.90 1.18 3.32 0.45 2.61 0.37 NA NA NA 





IIB In-situ 1.8 NA 0.5 29.3 NA 0.0 4968 11 1.38 NA 10.41 10.58 0.72 1.89 0.29 0.95 0.29 0.05 0.40 0.11 0.50 0.10 0.98 0.17 NA NA NA 





IIB In-situ 5.0 NA 0.4 25.6 NA 0.0 7229 23 2.38 NA 16.45 27.76 2.23 6.38 1.10 2.06 1.19 0.19 1.46 0.36 1.33 0.23 1.63 0.25 NA NA NA 





IIB In-situ 24.1 NA 0.8 26.0 NA 0.0 4684 125 4.31 NA 13.46 107.70 26.92 186.20 67.30 21.52 68.90 8.22 42.20 7.06 14.64 1.26 4.38 0.40 NA NA NA 





IIB In-situ 6.2 NA 4.9 24.5 NA 0.0 10001 32 2.14 NA 21.02 33.62 3.13 10.78 2.20 2.12 2.19 0.34 2.41 0.54 1.80 0.32 2.37 0.37 NA NA NA 
                                  





IIB In-situ 18.5 NA 0.3 34.3 NA 0.0 3898 47 1.94 NA 2.54 28.09 10.01 89.48 53.34 15.35 60.23 7.96 37.53 4.44 6.15 0.35 0.76 0.04 NA NA NA 





IIB In-situ 7.5 NA 0.8 34.8 NA 0.0 2415 9 2.68 NA 2.02 9.06 1.77 10.43 3.96 0.98 4.09 0.59 3.18 0.50 0.94 0.08 0.29 0.02 NA NA NA 





IIB In-situ 57.1 NA 1.8 80.0 NA 2.3 4634 161 1.97 NA 6.28 65.40 20.30 162.60 84.90 29.70 98.30 14.80 81.50 11.56 19.60 1.39 3.73 0.19 NA NA NA 





IIB In-situ 21.0 NA 0.5 33.6 NA 0.0 4080 56 1.87 NA 3.43 36.44 12.27 103.58 57.73 17.53 64.03 8.69 41.09 5.02 7.24 0.42 0.99 0.05 NA NA NA 





IIB In-situ 83.0 NA 197.0 43.8 NA 0.0 3541 14 1.28 NA 6.55 13.79 1.42 5.14 1.07 1.67 1.08 0.18 1.28 0.28 0.92 0.14 0.86 0.11 NA NA NA 





IIB In-situ 130.0 NA 1.1 34.7 NA 0.0 4046 26 1.75 NA 8.28 27.59 4.62 23.98 6.86 4.12 6.83 0.98 5.91 1.06 2.44 0.26 1.18 0.13 NA NA NA 





IIB In-situ 230.0 NA 0.9 34.6 NA 0.0 5555 17 1.66 NA 14.03 19.80 1.70 5.78 1.24 1.47 1.18 0.19 1.43 0.32 1.06 0.19 1.53 0.23 NA NA NA 





IIB In-situ 260.0 NA 0.9 42.0 NA 0.0 4396 40 1.58 NA 7.59 21.46 3.00 12.39 3.63 18.55 4.23 0.74 5.23 0.95 2.42 0.30 1.39 0.10 NA NA NA 





IIB In-situ 240.0 NA 1.0 46.0 NA 0.1 3554 18 1.59 NA 3.77 9.93 1.53 7.46 2.13 7.60 2.10 0.33 2.23 0.40 0.99 0.12 0.68 0.05 NA NA NA 





IIB In-situ 55.0 NA 2.3 35.6 NA 0.0 6469 51 2.05 NA 21.93 58.60 6.99 28.78 7.56 5.03 7.56 1.17 7.51 1.47 4.01 0.56 3.31 0.40 NA NA NA 





IIB In-situ 190.0 NA 1.8 46.0 NA 0.1 4302 27 1.50 NA 15.46 23.41 2.25 9.15 2.91 2.71 3.26 0.50 3.15 0.57 1.71 0.29 2.18 0.31 NA NA NA 





IIB In-situ 120.0 NA 1.8 44.3 NA 0.1 6252 22 2.12 NA 16.53 24.33 2.51 11.12 3.54 2.30 3.68 0.56 3.38 0.58 1.58 0.24 1.73 0.25 NA NA NA 





IIB In-situ 280.0 NA 1.5 42.7 NA 0.1 5904 26 1.83 NA 24.89 34.03 2.59 8.07 1.93 2.30 1.96 0.30 2.09 0.41 1.39 0.25 2.16 0.33 NA NA NA 





IIB In-situ 1180.0 NA 61.9 52.5 NA 0.0 4804 31 1.82 NA 21.28 43.32 5.31 24.80 7.12 3.91 7.29 1.07 5.98 1.00 2.41 0.32 2.01 0.27 NA NA NA 





IIB In-situ 530.0 NA 5.6 179.0 NA 9.3 4364 60 2.02 NA 3.82 44.42 15.52 132.00 67.03 18.93 72.54 9.91 48.09 5.88 8.24 0.46 1.01 0.05 NA NA NA 
                                  





IIB In-situ 7.2 NA 0.7 26.8 NA 0.0 5834 12 1.66 NA 6.58 10.03 1.30 6.69 1.94 1.66 1.99 0.27 1.59 0.31 0.78 0.11 0.84 0.14 NA NA NA 





IIB In-situ 13.8 NA 1.2 27.1 NA 0.0 4287 21 1.45 NA 11.62 20.10 2.01 7.40 1.51 2.14 1.55 0.23 1.54 0.36 1.22 0.20 1.56 0.25 NA NA NA 





IIB In-situ 13.4 NA 1.3 27.9 NA 0.0 5517 48 1.90 NA 18.71 44.40 5.23 20.38 4.16 4.92 4.25 0.65 4.70 1.08 3.38 0.48 2.94 0.40 NA NA NA 





IIB In-situ 19.4 NA 1.2 42.5 NA 0.0 2906 82 1.75 NA 16.25 68.38 11.01 56.48 15.38 8.37 16.32 2.38 15.18 3.07 7.85 0.86 4.03 0.46 NA NA NA 





IIB In-situ 13.4 NA 2.1 25.8 NA 0.0 6878 34 1.90 NA 16.14 33.15 3.73 15.56 3.54 2.73 3.63 0.54 3.64 0.79 2.39 0.35 2.35 0.34 NA NA NA 





IIB In-situ 14.4 NA 0.9 25.3 NA 0.0 5993 31 1.70 NA 16.44 30.49 3.36 13.59 3.06 3.06 3.06 0.44 2.94 0.65 2.00 0.30 2.18 0.32 NA NA NA 





IIB In-situ 12.2 NA 0.8 25.1 NA 0.0 5660 37 1.54 NA 20.48 29.63 2.70 10.06 2.29 3.01 2.41 0.37 2.63 0.62 2.17 0.38 2.83 0.44 NA NA NA 
















































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 





IIB In-situ 40.6 NA 1.0 26.5 NA 0.0 3042 66 3.20 NA 5.57 35.41 9.84 75.90 31.82 10.75 35.35 4.61 24.88 4.19 8.29 0.62 2.03 0.18 NA NA NA 





IIB In-situ 12.7 NA 1.1 24.8 NA 0.0 5095 19 1.71 NA 12.94 18.13 1.59 5.42 1.02 1.75 0.99 0.15 1.18 0.28 0.97 0.18 1.44 0.24 NA NA NA 





IIB In-situ 25.1 NA 1.1 26.9 NA 0.0 3875 31 1.60 NA 12.15 32.20 4.48 20.88 5.05 3.29 5.03 0.71 4.50 0.93 2.55 0.31 1.76 0.24 NA NA NA 





IIB In-situ 280.0 NA 1.3 58.0 NA 0.1 4326 27 1.54 NA 9.55 20.91 3.25 18.24 5.33 3.69 5.81 0.80 4.88 0.93 2.29 0.27 1.51 0.22 NA NA NA 





IIB In-situ 11.7 NA 1.1 29.1 NA 0.0 5654 36 1.78 NA 17.05 32.50 3.59 15.30 4.39 3.72 4.75 0.66 4.20 0.84 2.42 0.33 2.23 0.32 NA NA NA 





IIB In-situ 10.1 NA 2.2 24.8 NA 0.0 6109 25 1.93 NA 14.14 23.70 2.25 7.94 1.55 2.17 1.58 0.25 1.82 0.44 1.49 0.25 1.85 0.28 NA NA NA 





IIB In-situ 20.9 NA 1.5 25.1 NA 0.0 4011 54 2.00 NA 11.50 40.98 6.87 35.59 9.67 5.82 10.33 1.48 9.61 1.92 5.07 0.57 2.72 0.32 NA NA NA 





IIB In-situ 105.0 NA 2.6 31.1 NA 0.0 3720 245 4.41 NA 3.85 47.44 17.21 146.80 69.00 31.44 84.80 12.30 73.30 13.56 30.03 2.57 8.83 0.83 NA NA NA 





IIB In-situ 24.5 NA 7.2 272.0 NA 20.5 3855 32 1.80 NA 13.78 28.63 3.46 14.81 3.58 3.15 3.82 0.55 3.57 0.77 2.32 0.33 2.12 0.30 NA NA NA 





IIB In-situ 16.6 NA 0.7 24.4 NA 0.0 4026 57 3.26 NA 10.49 39.50 8.12 54.70 21.39 9.21 24.23 3.18 17.23 2.98 6.17 0.53 2.09 0.24 NA NA NA 





IIB In-situ 22.5 NA 2.0 25.8 NA 0.0 4688 68 3.08 NA 13.21 55.93 11.32 72.14 23.75 8.85 25.37 3.33 18.88 3.37 7.43 0.68 2.99 0.35 NA NA NA 
                                  





IIB In-situ 17.4 NA 0.4 34.3 NA 0.0 4873 75 2.00 NA 17.38 67.30 8.45 31.13 5.77 7.45 5.69 0.93 7.27 1.71 5.60 0.78 3.99 0.41 NA NA NA 





IIB In-situ 18.8 NA 0.8 33.6 NA 0.0 5572 36 1.43 NA 24.62 39.04 3.49 13.07 3.42 3.06 3.60 0.51 3.21 0.65 2.07 0.36 2.82 0.37 NA NA NA 





IIB In-situ 8.7 NA 0.6 32.4 NA 0.0 6913 27 1.69 NA 13.60 27.45 2.82 10.39 2.91 2.52 3.01 0.47 3.07 0.61 1.76 0.28 1.88 0.24 NA NA NA 





IIB In-situ 3.0 NA 1.7 32.6 NA 0.0 2624 11 2.93 NA 13.34 21.55 1.24 2.58 0.34 0.60 0.33 0.05 0.40 0.10 0.46 0.11 0.97 0.13 NA NA NA 





IIB In-situ 7.7 NA 0.8 33.6 NA 0.0 5041 31 1.56 NA 16.90 29.82 3.21 12.50 2.55 2.88 2.66 0.42 3.02 0.69 2.16 0.33 2.29 0.31 NA NA NA 





IIB In-situ 10.3 NA 0.7 32.1 NA 0.0 4792 30 1.66 NA 10.34 32.49 4.30 17.20 3.85 3.96 4.02 0.62 4.28 0.91 2.59 0.31 1.57 0.16 NA NA NA 





IIB In-situ 260.0 NA 1.4 71.4 NA 0.1 3669 37 1.66 NA 7.64 45.80 10.01 63.63 23.43 8.32 23.79 3.14 16.05 2.30 3.99 0.30 0.99 0.09 NA NA NA 





IIB In-situ 8.5 NA 0.6 31.7 NA 0.0 5589 12 1.56 NA 9.21 11.73 1.08 4.04 0.93 0.81 0.93 0.14 0.89 0.20 0.67 0.13 1.10 0.18 NA NA NA 





IIB In-situ 7.0 NA 1.3 32.0 NA 0.0 4997 23 1.68 NA 13.39 18.09 1.92 9.20 3.41 2.12 3.57 0.52 2.99 0.54 1.50 0.25 2.04 0.30 NA NA NA 





IIB In-situ 16.3 NA 0.7 31.3 NA 0.0 6018 33 2.33 NA 12.59 35.26 6.60 40.48 12.61 4.27 12.95 1.70 9.50 1.67 3.56 0.34 1.82 0.21 NA NA NA 





IIB In-situ 7.9 NA 0.6 31.6 NA 0.0 5673 35 1.62 NA 13.11 29.95 3.10 10.63 2.15 3.15 2.20 0.37 2.83 0.71 2.50 0.40 2.41 0.28 NA NA NA 





IIB In-situ 14.2 NA 0.7 30.9 NA 0.0 4805 27 1.75 NA 8.48 25.60 4.22 22.56 5.76 3.12 5.98 0.82 4.98 0.99 2.43 0.28 1.55 0.18 NA NA NA 





IIB In-situ 9.4 NA 0.6 31.5 NA 0.0 4692 27 1.48 NA 11.94 24.72 2.66 10.82 2.39 2.23 2.57 0.38 2.62 0.58 1.81 0.27 1.80 0.23 NA NA NA 





IIB In-situ 4.2 NA 0.8 32.4 NA 0.0 5989 27 1.61 NA 12.61 25.69 2.86 11.46 2.22 2.57 2.36 0.34 2.47 0.59 1.93 0.31 1.98 0.27 NA NA NA 





IIB In-situ 5.3 NA 0.5 28.0 NA 0.0 5208 78 1.96 NA 27.50 75.10 8.19 30.80 6.42 5.56 6.68 1.10 8.22 1.91 6.20 0.92 4.85 0.52 NA NA NA 





IIB In-situ 3.5 NA 1.3 25.2 NA 0.0 7369 17 1.69 NA 6.70 14.16 1.73 7.48 1.57 1.33 1.78 0.25 1.73 0.41 1.29 0.19 1.20 0.18 NA NA NA 





IIB In-situ 10.6 NA 1.0 28.2 NA 0.0 5469 31 1.66 NA 14.14 27.18 3.16 14.06 3.93 3.23 4.31 0.63 3.97 0.79 2.25 0.32 2.00 0.25 NA NA NA 





IIB In-situ 7.8 NA 0.9 27.5 NA 0.0 4788 63 1.95 NA 17.45 66.50 10.55 56.10 16.59 7.98 16.74 2.18 12.82 2.39 5.85 0.66 2.98 0.28 NA NA NA 





IIB In-situ 8.9 NA 1.3 24.6 NA 0.0 7693 56 2.01 NA 31.64 54.55 4.75 14.78 2.58 3.58 2.69 0.44 3.38 0.84 3.16 0.58 4.23 0.55 NA NA NA 





IIB In-situ 8.1 NA 1.0 25.1 NA 0.0 6513 39 1.91 NA 17.11 32.94 3.81 16.82 4.22 3.01 4.54 0.69 4.56 0.96 2.85 0.44 2.86 0.36 NA NA NA 





IIB In-situ 8.7 NA 1.0 26.0 NA 0.0 6194 45 1.66 NA 17.41 42.07 5.01 20.89 5.00 4.26 5.21 0.80 5.40 1.13 3.33 0.47 2.75 0.32 NA NA NA 





IIB In-situ 12.2 NA 0.7 24.8 NA 0.0 3845 62 1.99 NA 15.75 49.84 5.39 18.23 3.52 5.42 3.89 0.66 5.25 1.27 4.43 0.67 3.50 0.36 NA NA NA 





IIB In-situ 25.0 NA 1.0 33.4 NA 0.0 5189 25 1.69 NA 14.41 25.40 2.78 11.73 3.16 2.20 3.35 0.50 3.22 0.63 1.72 0.25 1.70 0.20 NA NA NA 





IIB In-situ 12.1 NA 0.5 25.5 NA 0.0 4818 42 1.63 NA 9.09 42.90 8.20 46.98 13.96 6.03 14.33 1.97 11.37 2.03 4.54 0.43 1.72 0.17 NA NA NA 










































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 





IIB In-situ 14.5 NA 0.8 41.5 NA 0.0 1013 61 1.60 NA 1.51 4.82 0.81 5.03 2.25 12.45 4.14 0.73 5.43 1.26 4.04 0.46 2.49 0.31 NA NA NA 





IIB In-situ 11.0 NA 0.6 41.3 NA 0.0 1130 38 2.19 NA 1.58 4.86 0.76 4.37 1.69 7.04 2.81 0.47 3.51 0.81 2.74 0.30 1.58 0.19 NA NA NA 





IIB In-situ 8.3 NA 1.1 40.4 NA 0.0 1036 35 1.45 NA 2.01 5.07 0.70 3.40 1.15 7.11 1.77 0.31 2.46 0.58 2.14 0.29 1.84 0.26 NA NA NA 





IIB In-situ 14.5 NA 1.5 40.8 NA 0.0 1736 34 1.58 NA 3.90 13.98 2.71 17.72 6.61 7.50 9.02 1.17 6.55 1.16 2.94 0.24 1.06 0.13 NA NA NA 





IIB In-situ 14.7 NA 1.5 40.3 NA 0.0 2143 42 1.55 NA 12.79 38.80 4.94 18.75 3.24 15.49 3.46 0.50 3.31 0.71 2.06 0.24 1.16 0.13 NA NA NA 





IIB In-situ 8.6 NA 0.2 38.7 NA 0.0 876 25 1.51 NA 2.15 3.96 0.44 1.89 0.50 9.95 0.78 0.13 1.05 0.28 1.18 0.18 1.49 0.25 NA NA NA 





IIB In-situ 34.8 NA 1.5 39.6 NA 0.2 1002 43 1.51 NA 3.08 7.48 1.19 6.70 2.48 9.08 3.86 0.60 4.32 0.96 2.92 0.34 1.93 0.26 NA NA NA 





IIB In-situ 9.8 NA 0.3 37.4 NA 0.0 1221 53 1.50 NA 2.48 7.65 1.42 9.61 4.06 8.94 6.52 0.97 6.60 1.40 3.76 0.41 2.15 0.29 NA NA NA 





IIB In-situ 14.8 NA 0.6 37.1 NA 0.0 1619 29 1.47 NA 5.41 22.69 3.74 18.58 4.52 12.02 5.07 0.66 4.02 0.76 2.07 0.19 0.75 0.08 NA NA NA 





IIB In-situ 6.3 NA 0.6 36.9 NA 0.0 1121 19 1.50 NA 1.43 2.10 0.23 0.93 0.26 4.41 0.43 0.08 0.67 0.18 1.13 0.15 1.31 0.26 NA NA NA 





IIB In-situ 12.4 NA 1.1 37.6 NA 0.0 1200 66 1.56 NA 2.64 8.67 1.59 10.39 4.53 8.12 7.89 1.23 8.57 1.88 5.34 0.55 2.87 0.39 NA NA NA 





IIB In-situ 10.8 NA 1.0 36.4 NA 0.0 2413 13 1.66 NA 14.98 23.91 2.02 6.54 1.19 3.45 1.30 0.17 1.10 0.21 0.73 0.10 0.61 0.08 NA NA NA 





IIB In-situ 10.1 NA 0.7 36.2 NA 0.0 2209 26 1.52 NA 8.98 22.73 3.07 13.70 3.20 7.33 3.65 0.47 2.92 0.57 1.68 0.17 0.87 0.11 NA NA NA 





IIB In-situ 18.8 NA 1.2 40.8 NA 0.0 1111 60 1.58 NA 1.78 7.90 1.93 15.36 7.25 5.64 11.94 1.75 11.30 2.39 6.15 0.50 2.07 0.27 NA NA NA 





IIB In-situ 15.8 NA 0.6 47.3 NA 0.4 1405 107 1.56 NA 2.84 10.46 2.16 15.07 6.61 9.54 11.58 1.89 13.72 3.22 9.46 0.99 4.79 0.67 NA NA NA 





IIB In-situ 11.8 NA 0.7 35.4 NA 0.0 861 53 1.44 NA 1.97 6.37 1.16 8.20 4.40 9.76 8.46 1.23 7.55 1.48 4.00 0.40 2.10 0.27 NA NA NA 





IIB In-situ 10.3 NA 0.6 35.4 NA 0.0 1087 34 1.47 NA 6.14 9.43 1.46 10.54 5.73 7.49 9.98 1.33 7.50 1.28 3.37 0.22 1.00 0.11 NA NA NA 





IIB In-situ 9.3 NA 0.4 34.3 NA 0.0 1197 32 1.59 NA 2.64 3.53 0.31 1.02 0.22 4.69 0.36 0.08 0.79 0.26 1.40 0.28 2.71 0.54 NA NA NA 





IIB In-situ 8.4 NA 0.4 34.5 NA 0.0 1367 22 1.51 NA 1.94 3.95 0.53 2.73 0.90 4.29 1.32 0.21 1.57 0.37 1.28 0.17 1.25 0.21 NA NA NA 





IIB In-situ 7.5 NA 0.6 34.4 NA 0.0 1511 39 1.57 NA 3.02 6.66 0.93 4.73 1.63 7.02 2.38 0.41 2.94 0.71 2.38 0.33 2.15 0.33 NA NA NA 
                                  





IIB In-situ 5.5 NA 1.1 49.0 NA 0.0 5783 16 1.72 NA 27.50 41.68 3.22 8.23 0.80 2.93 0.77 0.09 0.71 0.20 0.90 0.15 1.27 0.22 NA NA NA 





IIB In-situ 13.1 NA 1.1 48.2 NA 0.0 5294 12 1.54 NA 12.10 36.67 4.22 14.89 2.21 2.92 1.90 0.24 1.50 0.29 0.82 0.09 0.46 0.06 NA NA NA 





IIB In-situ 2.2 NA 0.5 48.1 NA 0.0 3982 4 1.61 NA 7.73 10.20 0.69 1.61 0.15 1.06 0.16 0.02 0.14 0.04 0.19 0.04 0.34 0.06 NA NA NA 





IIB In-situ 1.8 NA 0.6 46.4 NA 0.0 3979 8 1.57 NA 20.87 25.57 1.58 3.73 0.39 1.33 0.34 0.04 0.29 0.08 0.36 0.07 0.68 0.12 NA NA NA 





IIB In-situ 0.8 NA 0.8 43.6 NA 0.0 8127 32 2.11 NA 20.43 36.73 3.30 10.34 1.88 2.45 1.95 0.35 2.83 0.65 2.25 0.38 2.52 0.30 NA NA NA 





IIB In-situ 7.6 NA 2.2 42.5 NA 0.0 6677 11 1.68 NA 14.70 24.65 2.21 6.60 0.80 1.85 0.68 0.09 0.65 0.16 0.66 0.09 0.73 0.13 NA NA NA 





IIB In-situ 5.6 NA 0.9 42.4 NA 0.0 4425 14 1.61 NA 17.01 44.10 4.89 17.49 2.94 3.87 2.36 0.30 1.76 0.32 0.88 0.10 0.64 0.10 NA NA NA 





IIB In-situ 12.3 NA 1.0 42.5 NA 0.0 4712 15 1.57 NA 17.91 40.01 4.08 13.53 1.95 3.65 1.69 0.20 1.20 0.26 0.98 0.13 0.86 0.14 NA NA NA 





IIB In-situ 6.2 NA 0.8 43.4 NA 0.0 4854 34 1.68 NA 26.48 93.80 12.46 49.70 7.20 5.32 6.10 0.72 4.67 1.06 3.18 0.38 1.92 0.27 NA NA NA 





IIB In-situ 9.5 NA 1.2 42.1 NA 0.0 5691 4 1.59 NA 5.93 11.87 1.16 3.62 0.48 1.10 0.40 0.05 0.34 0.08 0.37 0.03 0.23 0.04 NA NA NA 





IIB In-situ 22.3 NA 1.7 48.3 NA 0.0 5130 16 1.62 NA 20.65 41.57 3.96 12.08 1.61 2.92 1.43 0.19 1.28 0.27 0.95 0.14 0.94 0.14 NA NA NA 





IIB In-situ 6.1 NA 0.5 40.5 NA 0.0 4230 9 1.57 NA 17.92 25.18 1.66 3.74 0.32 1.28 0.29 0.04 0.32 0.09 0.43 0.09 0.81 0.16 NA NA NA 





IIB In-situ 18.7 NA 0.6 40.4 NA 0.0 4219 10 1.57 NA 16.99 31.70 3.18 11.46 1.64 1.79 1.41 0.16 0.97 0.21 0.79 0.11 0.77 0.13 NA NA NA 





IIB In-situ 11.3 NA 1.2 40.5 NA 0.0 4537 12 1.62 NA 18.29 37.70 3.92 14.18 1.99 2.08 1.73 0.20 1.24 0.27 0.88 0.13 0.85 0.14 NA NA NA 
                                  





IIB In-situ 13.5 NA 0.3 23.9 NA 0.0 2275 83 2.82 NA 2.61 23.23 8.69 95.90 67.80 23.50 100.20 11.36 48.56 6.39 9.38 0.53 1.35 0.10 NA NA NA 
















































































Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 





IIB In-situ 12.1 NA 0.6 24.1 NA 0.0 2476 120 2.66 NA 10.26 48.09 10.78 88.80 58.40 31.20 91.30 10.71 48.89 6.86 11.75 0.86 2.58 0.23 NA NA NA 





IIB In-situ 24.7 NA 1.2 27.1 NA 0.0 2554 233 2.94 NA 6.24 41.25 13.11 125.10 78.95 41.39 124.50 16.05 82.34 12.87 23.72 1.74 5.29 0.45 NA NA NA 





IIB In-situ 14.7 NA 0.2 24.5 NA 0.0 2924 41 2.02 NA 4.19 36.50 10.80 87.70 42.14 17.25 51.30 6.29 28.78 3.63 5.39 0.28 0.61 0.04 NA NA NA 





IIB In-situ 14.7 NA 1.1 23.4 NA 0.0 3559 36 2.07 NA 7.66 14.90 1.90 8.59 2.23 5.63 2.80 0.43 2.93 0.65 2.37 0.36 2.68 0.43 NA NA NA 





IIB In-situ 27.4 NA 4.7 23.0 NA 0.0 4534 71 2.67 NA 9.58 25.87 4.22 23.89 7.52 8.35 9.47 1.35 8.52 1.83 5.70 0.75 4.47 0.63 NA NA NA 





IIB In-situ 27.1 NA 0.5 23.9 NA 0.0 1921 227 3.79 NA 6.89 52.80 15.79 135.00 62.00 23.53 84.40 10.74 58.38 10.50 23.19 1.92 6.91 0.68 NA NA NA 





IIB In-situ 11.0 NA 1.9 23.1 NA 0.0 4256 131 2.44 NA 9.21 28.46 5.24 31.53 10.85 14.07 15.63 2.36 15.95 3.59 10.72 1.30 7.22 0.99 NA NA NA 





IIB In-situ 4.1 NA 1.1 22.9 NA 0.0 4030 80 2.23 NA 7.62 18.70 2.87 15.64 5.00 9.63 6.92 1.04 7.48 1.72 5.48 0.80 5.05 0.77 NA NA NA 





IIB In-situ 10.7 NA 4.0 23.7 NA 0.0 4417 71 2.35 NA 7.81 16.65 2.35 11.79 3.66 7.41 5.00 0.77 5.63 1.37 4.73 0.74 5.00 0.77 NA NA NA 





IIB In-situ 11.6 NA 1.8 24.0 NA 0.0 3783 89 2.30 NA 7.95 21.32 3.42 18.50 5.57 11.17 7.47 1.16 8.29 1.93 6.62 0.87 5.27 0.77 NA NA NA 





IIB In-situ 19.6 NA 4.6 22.9 NA 0.0 3956 132 2.44 NA 8.01 30.41 6.57 45.50 17.95 14.30 25.04 3.63 22.93 4.74 12.86 1.35 6.23 0.79 NA NA NA 





IIB In-situ 6.7 NA 3.5 22.6 NA 0.0 4027 53 2.35 NA 6.10 14.11 2.32 13.49 4.83 6.60 6.64 0.98 6.07 1.35 4.07 0.52 3.20 0.50 NA NA NA 





IIB In-situ 9.3 NA 0.5 23.3 NA 0.0 1904 57 2.06 NA 2.90 13.54 3.33 25.13 11.14 7.10 16.84 2.34 14.22 2.71 6.38 0.59 2.42 0.29 NA NA NA 





IIB In-situ 16.2 NA 2.9 23.5 NA 0.0 3532 326 2.85 NA 14.52 72.60 15.13 94.80 32.47 29.03 43.80 6.73 44.90 9.89 28.65 3.27 14.57 1.66 NA NA NA 





IIB In-situ 24.8 NA 5.8 23.5 NA 0.0 3916 199 2.59 NA 10.05 42.90 8.87 56.70 19.24 20.23 26.90 4.03 27.00 5.87 16.89 1.92 8.81 1.05 NA NA NA 





IIB In-situ 24.8 NA 0.8 23.1 NA 0.0 2229 442 3.17 NA 25.48 157.70 33.12 211.20 74.10 58.10 95.30 12.91 76.90 15.36 38.26 3.70 14.32 1.45 NA NA NA 





IIB In-situ 23.6 NA 1.6 27.8 NA 0.0 2590 135 2.37 NA 9.73 30.92 6.34 45.18 22.18 20.16 35.99 5.31 30.15 5.24 11.58 1.05 4.29 0.48 NA NA NA 





IIB In-situ 9.2 NA 0.8 24.1 NA 0.0 2734 49 2.21 NA 3.27 14.98 3.79 30.22 15.88 9.38 25.88 3.46 17.80 2.74 4.95 0.36 1.18 0.12 NA NA NA 





IIB In-situ 19.2 NA 1.7 37.6 NA 0.0 2601 184 2.45 NA 8.61 34.90 7.69 56.60 25.40 19.81 40.80 5.73 35.00 7.27 18.00 1.72 7.41 0.92 NA NA NA 





IIB In-situ 19.3 NA 3.6 23.1 NA 0.0 4018 85 2.41 NA 9.82 22.89 3.43 17.66 5.64 11.67 7.71 1.15 8.01 1.84 6.00 0.84 5.54 0.86 NA NA NA 





IIB In-situ 18.3 NA 3.3 23.7 NA 0.0 3957 78 2.31 NA 8.82 19.31 2.82 15.04 4.81 10.88 7.06 1.15 7.90 1.82 5.84 0.79 4.98 0.76 NA NA NA 





IIB In-situ 22.0 NA 1.1 24.3 NA 0.0 2994 47 1.86 NA 7.88 16.69 2.32 12.04 4.29 6.76 6.17 0.91 5.87 1.19 3.69 0.47 3.02 0.44 NA NA NA 





IIB In-situ 16.1 NA 1.2 22.9 NA 0.0 2646 46 1.96 NA 8.30 16.09 2.17 11.10 3.61 6.85 4.96 0.73 4.89 1.07 3.25 0.46 3.18 0.49 NA NA NA 





IIB In-situ 18.9 NA 1.4 29.1 NA 0.2 3697 129 2.30 NA 12.59 38.04 6.47 33.71 13.32 18.41 19.88 3.98 28.10 5.10 12.58 1.37 6.03 0.71 NA NA NA 





IIB In-situ 25.2 NA 2.6 74.8 NA 0.0 2290 50 2.00 NA 6.07 12.58 1.85 11.16 4.49 5.21 8.25 1.26 8.07 1.71 4.55 0.50 2.68 0.39 NA NA NA 





IIB In-situ 9.2 NA 1.1 23.3 NA 0.0 1808 124 2.02 NA 6.38 27.64 7.23 62.60 30.06 18.24 47.43 5.92 32.17 6.33 14.42 1.22 4.90 0.64 NA NA NA 





IIB In-situ 18.2 NA 17.5 24.8 NA 0.0 3205 88 2.35 NA 11.11 28.56 5.08 31.76 11.76 11.03 16.45 2.36 14.38 2.95 7.68 0.85 4.57 0.65 NA NA NA 





IIB In-situ 17.6 NA 1.1 22.0 NA 0.0 4394 35 2.06 NA 7.74 15.21 1.96 9.51 2.75 4.82 3.68 0.51 3.41 0.73 2.44 0.35 2.42 0.39 NA NA NA 





IIB In-situ 12.2 NA 0.6 23.8 NA 0.0 3065 261 2.86 NA 13.93 102.20 29.38 249.20 117.20 47.14 154.70 18.32 91.00 15.27 29.98 2.23 6.73 0.59 NA NA NA 





IIB In-situ 19.2 NA 2.3 22.7 NA 0.0 4102 73 2.42 NA 13.45 29.10 3.89 17.46 4.55 13.47 5.76 0.92 6.35 1.47 4.74 0.71 4.46 0.65 NA NA NA 





IIB In-situ 26.1 NA 1.3 22.9 NA 0.0 3810 131 2.26 NA 14.67 54.10 10.13 57.93 17.89 21.46 22.31 3.18 19.72 4.11 11.20 1.27 6.05 0.74 NA NA NA 





IIB In-situ 18.0 NA 1.2 23.1 NA 0.0 4057 83 2.04 NA 13.42 33.85 4.69 22.10 5.88 16.65 7.32 1.11 7.71 1.71 5.57 0.80 4.67 0.65 NA NA NA 





IIB In-situ 35.4 NA 0.9 21.6 NA 0.0 2365 595 3.43 NA 17.52 119.10 31.85 253.40 112.50 59.05 159.60 21.95 130.10 25.32 61.50 5.73 21.70 2.26 NA NA NA 





IIB In-situ 66.4 NA 0.5 24.1 NA 0.1 2042 576 3.86 NA 14.87 102.50 28.25 236.80 111.50 59.67 158.40 21.23 123.10 23.75 56.45 5.20 19.84 2.08 NA NA NA 





IIB In-situ 16.4 NA 4.8 21.8 NA 0.0 4230 89 2.60 NA 7.79 21.94 4.24 29.71 12.04 9.27 16.80 2.26 13.82 2.88 8.00 0.93 5.14 0.75 NA NA NA 
180 
Table C-2: LA-ICPMS trace element results of scheelite analyses from Macraes, taken from Pickering (2018). 
   
Analysis ID Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
T2-3 - 1 153 1.6 1.5 5.7 1.7 0.10 3984 1186 1.2 0.5 40.0 285.0 72.4 525.0 268.0 108.7 389.5 65.5 374.1 59.6 119.5 11.8 47.1 3.4 2.4 0.1 0.0 
(T2-3-1) - 1 34 2.1 2.8 6.4 0.7 0.04 6770 273 0.6 0.1 32.8 115.3 19.4 105.2 37.5 18.6 49.6 8.6 54.2 10.0 23.5 2.8 14.6 1.3 4.0 0.5 0.7 
T2-3 - 2 95 2.0 1.4 6.4 1.4 0.05 4899 637 1.1 0.1 18.3 135.9 39.5 333.7 216.3 84.2 324.1 50.4 255.8 36.9 65.6 5.7 19.8 1.2 3.2 0.1 0.0 
T2-3 - 3 80 6.6 1.4 20.7 12.6 0.08 5412 600 1.3 0.2 13.0 104.4 33.5 301.0 215.0 79.8 345.2 54.2 274.6 39.4 67.5 5.4 18.1 1.1 3.3 0.1 0.1 
T2-3 - 4 155 53.0 39.0 140.0 1.9 0.41 4603 864 1.5 0.2 20.3 168.9 49.4 415.6 268.6 102.0 424.7 68.6 361.9 52.7 92.5 7.8 27.2 1.7 2.9 0.4 0.1 
T2-3 - 5 35 3.3 1.7 11.3 0.3 0.04 6577 174 0.5 0.2 18.5 61.1 9.7 47.6 15.5 16.5 20.1 3.5 23.0 4.4 10.7 1.1 4.3 0.3 4.8 1.0 1.8 
T2-3 - 6 23 2.1 2.6 9.6 0.2 0.01 6868 62 0.6 0.2 6.4 19.0 3.4 20.0 8.8 10.3 12.8 2.1 12.4 2.1 4.6 0.5 2.3 0.2 6.0 0.8 1.8 
T2-3 - 7 310 71.0 1.9 47.0 0.7 0.08 6559 71 0.6 0.3 7.3 22.2 4.1 25.4 12.2 13.8 17.5 2.9 16.2 2.7 5.6 0.6 2.3 0.2 5.3 1.5 3.7 
T2-3 - 8 20  2.1 10.1 0.3 0.01 8719 17 0.6 0.1 2.7 6.1 1.0 5.3 2.1 4.3 2.8 0.5 2.7 0.4 1.0 0.1 0.4 0.0 8.6 1.2 2.4 
T2-3 - 9 18 7.8 17.2 33.8 0.3 0.01 7971 35 0.6 0.1 4.9 12.2 2.0 11.0 4.5 7.5 6.2 1.0 6.0 1.0 2.2 0.2 1.0 0.1 6.4 1.7 3.9 
T2-3 - 10 45 28.7 3.2 79.0 6.5 0.45 5624 220 0.7 0.2 14.7 76.7 16.7 107.6 45.1 28.4 59.6 9.3 54.9 9.1 18.0 1.6 5.3 0.3 4.5 0.6 0.3 
T2-3 - 11 49 3.7 7.0 12.0 0.7 0.02 4832 222 0.7 0.1 12.7 50.9 10.7 70.8 36.8 21.8 55.0 9.2 53.3 8.6 18.2 2.0 8.9 0.7 3.6 0.3 0.3 
T2-3 - 12 73 41.4 167.0 104.0 1.8 0.38 4991 334 0.9 0.2 13.0 80.6 23.1 192.5 124.8 44.9 184.5 27.7 139.1 19.5 34.2 3.0 11.2 0.7 3.8 0.5 0.7                             
(T2-5) - 1 17 1.6 6.5 5.3 0.3 0.01 9110 75 0.6 0.1 17.0 22.2 2.2 9.8 3.1 2.6 4.9 0.9 6.5 1.4 4.5 0.9 8.8 1.2 13.3 0.9 1.5 
(T2-5) - 2 11 1.5 3.1 4.8 0.2 0.01 7260 28 0.5 0.1 7.8 8.7 0.6 1.9 0.4 1.2 0.6 0.1 1.2 0.3 1.4 0.4 3.8 0.6 7.1 0.4 1.7 
(T2-5) - 3 16 1.8 4.3 7.1 2.7 0.01 9100 57 0.5 0.1 10.8 17.3 2.6 13.5 4.4 3.2 6.0 1.1 7.4 1.5 4.2 0.7 5.6 0.8 8.9 0.7 1.7 
(T2-5) - 4 20 2.6 4.9 7.3 2.5 0.01 8590 56 0.5 0.2 10.9 16.4 1.7 6.8 2.0 1.8 3.0 0.6 4.6 1.1 3.5 0.7 6.3 0.8 7.3 0.8 1.8 
(T2-5) - 5 205100 54420.0 11.2 252.0 1.1 20.07 343 5 1.0 0.1 7.5 13.6 1.5 6.0 1.0 0.2 0.9 0.1 0.8 0.2 0.4 0.1 0.6 0.1 8.6 2.7 0.9 
(T2-5) - 6 21 48.2 7.1 54.0 16.0 1.05 6630 120 0.6 0.1 14.2 33.6 4.6 22.8 7.4 5.2 11.0 2.1 15.5 3.3 9.8 1.5 10.7 1.2 8.8 0.9 1.3 
(T2-5) - 7 13 1.5 3.2 5.2 0.2 0.01 7530 19 0.5 0.0 5.4 5.3 0.5 1.8 0.6 0.6 0.8 0.1 1.2 0.3 1.0 0.2 2.5 0.4 6.2 0.3 1.8 
(T2-5) - 8 37 5.2 10.2 15.0 18.6 0.02 5585 227 0.5 0.2 29.7 64.4 7.0 25.4 5.9 8.0 8.1 1.7 14.7 3.6 13.5 2.7 20.9 2.5 6.8 2.1 1.1 
(T2-5) - 9 26 42.5 8.7 44.9 3.3 0.83 6620 171 0.6 0.1 21.6 47.7 6.1 26.3 8.1 6.7 11.3 2.4 17.9 4.0 12.3 2.1 15.4 1.7 7.1 1.1 1.3 
(T2-5) - 10 16 1.5 4.1 4.5 0.1 0.01 9690 39 0.5 0.1 14.8 12.1 0.7 1.7 0.3 0.5 0.4 0.1 1.1 0.3 1.5 0.5 6.0 1.0 13.5 0.6 2.9 
(T2-5) - 11 12 1.4 3.2 4.4 0.2 NA 7164 33 0.5 0.0 12.1 10.4 0.6 1.3 0.2 0.4 0.4 0.1 0.8 0.3 1.3 0.4 5.1 0.8 6.2 0.5 2.2 
(T2-5) - 12 18 1.5 3.5 5.6 1.1 NA 7840 116 0.5 0.1 25.4 43.6 4.2 14.7 3.7 3.2 5.4 1.1 8.9 2.1 7.3 1.4 10.9 1.4 6.2 0.7 1.2                             
T2-7 - 1 167 1.6 1.6 4.9 1.9 0.06 8080 594 1.0 0.0 23.9 151.4 42.7 340.0 189.9 81.0 278.2 45.1 238.3 36.5 64.5 5.3 17.8 1.1 7.6 0.4 0.7 
T2-7 - 2 17 2.0 2.4 4.8 0.3 0.01 8840 71 0.6 0.1 14.4 27.0 3.3 13.5 3.7 5.2 4.9 0.9 6.9 1.4 4.0 0.6 3.9 0.4 8.3 0.9 2.7 
T2-7 - 3 35 169.0 191.0 1910.0 1.2 0.05 6420 106 0.5 0.3 21.6 50.6 7.7 39.6 14.2 7.5 18.5 3.2 19.9 3.7 8.8 1.1 5.5 0.5 13.8 6.7 2.6 
T2-7 - 4 33 1.9 1.7 6.0 1.0 0.05 6510 684 0.7 0.0 33.6 202.0 43.8 280.0 124.0 77.1 177.0 30.9 189.0 32.0 65.7 6.1 22.4 1.5 4.9 0.4 0.1 
T2-7 - 5 12 1.9 3.4 6.3 0.2 0.01 9490 73 0.6 0.0 15.8 26.4 3.0 12.3 3.9 4.3 5.3 1.0 6.9 1.4 4.1 0.7 4.5 0.5 12.6 1.1 2.6 
T2-7 - 6 11 2.6 3.8 15.7 0.4 0.01 11280 66 0.6 0.0 12.9 24.7 3.4 16.8 6.2 4.7 8.5 1.5 9.8 1.8 4.6 0.6 3.7 0.4 16.2 0.7 2.0 
T2-7 - 7 57 1.6 1.9 5.8 1.0 0.04 6188 635 0.9 0.1 35.8 217.9 42.4 240.9 95.3 57.2 134.9 24.3 154.6 27.9 62.5 6.1 24.0 1.8 4.2 0.4 0.1 
T2-7 - 8 115 7.6 13.9 78.0 1.0 0.07 8710 655 1.1 0.1 29.3 158.7 33.7 223.0 105.2 51.3 158.8 28.6 175.4 31.2 68.6 7.2 30.0 2.4 12.9 1.4 0.5 
T2-7 - 9 11 1.6 5.7 5.2 0.2 0.01 12680 124 0.6 0.0 20.8 42.9 5.3 22.0 6.2 7.0 8.3 1.6 12.1 2.7 8.0 1.2 7.8 0.8 25.2 1.0 2.2 
T2-7 - 10 10 1.5 1.9 5.2 0.2 0.01 12110 25 0.6 0.1 9.0 20.3 3.0 14.4 4.6 5.0 5.2 0.8 4.6 0.8 1.8 0.2 1.1 0.1 17.6 1.2 2.1 
T2-7 - 11 5 79.5 608.0 670.0 0.1 0.01 2715 13 NA 0.0 6.2 10.1 1.1 4.5 0.9 0.5 1.4 0.2 1.6 0.4 1.0 0.1 0.8 0.1 0.6 0.0 0.0                             
T2-8-1 - 1 29 3.3 5.9 7.5 8.5 0.04 8260 189 0.6 0.1 21.0 57.8 9.4 51.4 21.1 12.0 30.6 5.6 36.3 6.7 16.1 2.1 10.8 1.0 12.3 1.5 1.1 
T2-8-1 - 2 41 4.9 6.0 9.6 14.3 0.09 7440 281 0.9 0.1 21.6 79.6 16.3 103.8 48.0 26.5 69.7 12.1 72.7 12.6 27.2 3.0 14.0 1.3 9.2 2.6 1.4 
T2-8-1 - 3 31 35.2 5.5 38.3 12.3 0.76 8560 172 0.6 0.2 26.1 59.2 8.6 44.8 17.8 10.6 25.7 4.7 30.3 5.6 14.2 1.8 10.7 1.1 10.2 1.8 1.7 
T2-8-1 - 4 22 11.9 11.6 14.8 3.1 0.30 10540 150 0.7 0.1 27.4 59.8 8.0 36.8 12.3 9.8 17.6 3.3 22.3 4.4 11.9 1.6 9.5 0.9 24.3 1.3 1.2 
T2-8-1 - 5 38 621.0 8.8 471.0 27.0 15.40 10580 138 0.8 0.1 18.3 46.4 7.9 45.4 20.4 10.1 29.4 5.0 30.3 5.4 13.1 1.6 8.7 0.9 16.5 2.3 2.0 
T2-8-1 - 6 98 3.1 5.5 9.0 12.5 0.06 8182 547 0.9 0.1 29.2 149.8 31.4 204.4 92.6 41.0 145.8 25.8 156.8 27.8 58.9 5.9 25.1 2.0 6.7 1.5 0.7 
T2-8-1 - 7 11 1.7 3.2 12.3 0.9 0.01 15740 88 0.6 0.3 19.4 30.7 3.5 16.3 5.7 3.7 8.4 1.5 10.5 2.2 6.2 1.1 7.2 0.8 32.0 0.8 2.9 
T2-8-1 - 8 56 17.8 8.0 22.2 7.3 0.43 9860 287 1.0 0.1 19.2 78.7 17.5 121.5 62.5 24.0 95.2 16.1 92.5 15.2 30.4 3.0 12.7 1.1 16.0 0.9 0.6 
T2-8-1 - 9 77 132.0 6.5 197.0 116.0 3.13 6378 298 1.9 0.2 17.2 86.6 20.4 152.0 75.9 28.5 117.5 19.5 109.7 17.5 32.3 2.9 10.9 0.8 6.0 0.6 0.1 
T2-8-1 - 10 44 3.6 4.7 9.0 1.7 0.06 6373 219 1.1 0.2 16.7 58.1 12.0 80.5 42.5 21.7 67.6 11.6 67.8 10.9 21.4 2.0 7.9 0.6 6.3 1.1 0.3 
T2-8-1 - 11 46 2.2 8.5 8.3 3.5 0.02 6209 172 1.1 0.2 8.8 46.3 12.2 94.2 55.3 23.6 81.0 13.1 68.5 10.1 18.4 1.7 6.3 0.5 8.8 0.4 0.2                             
T2-9 - 1 22 4.3 5.5 37.0 30.0 0.07 5570 185 0.7 0.2 14.2 51.2 10.0 60.5 25.7 15.4 36.1 6.4 40.5 7.2 16.4 1.9 10.3 1.0 7.0 0.3 0.4 
T2-9 - 2 16 1.9 4.4 7.3 0.7 0.01 6950 134 0.6 0.1 19.1 43.3 5.7 25.1 7.5 7.6 10.6 2.0 15.0 3.2 9.4 1.5 10.9 1.3 5.7 0.5 1.0 
T2-9 - 3 18 1.9 10.8 6.2 0.3 0.01 9100 85 0.6 0.1 15.9 25.7 2.7 10.8 2.9 2.6 4.2 0.9 7.1 1.7 5.5 1.0 8.6 1.1 17.0 0.5 1.0 
T2-9 - 4 69 4.3 6.6 9.0 2.6 0.11 6640 398 0.6 0.0 17.9 82.5 15.7 90.4 34.7 14.0 49.8 9.5 66.9 14.0 38.0 5.2 28.6 2.7 9.5 0.2 0.3 
T2-9 - 5 18 2.0 4.8 7.2 0.3 0.01 6649 86 0.5 0.1 13.0 26.1 3.3 14.9 4.1 3.2 5.9 1.2 8.8 2.0 6.1 1.0 7.8 0.9 8.5 0.3 0.9 
T2-9 - 6 19 1.6 5.9 6.5 0.5 0.02 9250 130 0.6 0.1 19.6 37.5 4.7 21.0 6.6 4.6 9.4 1.9 14.4 3.2 9.6 1.6 11.7 1.3 15.8 0.7 1.1 
T2-9 - 7 29 2.1 4.4 7.4 3.1 0.02 8030 226 0.6 0.1 20.9 64.8 10.6 56.4 20.7 9.8 28.8 5.5 37.7 7.6 20.1 2.7 14.9 1.5 7.2 0.5 1.0 
T2-9 - 8 22 2.4 4.0 6.4 2.2 0.01 6878 152 0.6 0.1 20.4 48.2 7.0 36.0 12.4 6.7 17.2 3.3 23.7 4.8 13.0 1.8 11.2 1.2 5.9 0.6 1.2 
T2-9 - 9 15 1.6 7.6 5.7 0.3 0.02 10550 132 0.6 0.0 31.5 36.1 3.2 11.9 3.3 2.7 4.7 1.0 8.1 1.9 7.3 1.7 16.6 2.2 27.0 1.4 1.9 
T2-9 - 10 15 4.7 4.8 54.0 47.0 0.07 9249 88 0.6 0.1 27.0 34.5 3.0 10.8 3.1 2.6 4.4 0.9 7.1 1.6 5.2 1.0 8.8 1.1 20.0 1.1 1.2 
T2-9 - 11 57 2.1 2.1 5.8 2.4 0.04 4825 439 0.9 0.1 26.3 146.2 28.5 167.2 60.4 24.5 82.5 14.8 98.0 18.5 43.5 4.9 22.1 1.7 2.8 0.1 0.0 
T2-9 - 12 34 17.0 5.0 28.8 9.6 0.34 6409 221 0.7 0.1 16.2 63.7 12.1 70.5 27.1 10.7 38.5 7.1 46.9 8.9 21.3 2.5 12.8 1.2 6.4 0.4 0.7 
T2-9 - 13 49 2.6 3.8 8.6 6.3 0.04 4876 380 0.8 0.1 16.7 100.9 22.9 147.3 62.8 24.7 92.4 16.5 105.9 19.1 41.4 4.2 16.6 1.2 3.3 0.2 0.1 
T2-9 - 14 24 3.2 4.7 6.4 3.8 0.02 6238 185 0.7 0.2 15.3 53.8 9.6 53.7 20.9 10.6 28.9 5.4 36.2 7.1 17.2 2.1 10.4 0.9 5.3 0.5 0.8                             
T3-1 - 1 28 1.4 3.4 4.6 0.2 0.01 9250 123 0.6 0.0 16.5 43.3 5.9 25.4 6.7 4.7 9.7 1.9 14.0 3.1 9.0 1.4 8.5 0.8 10.9 0.5 0.9 
T3-1 - 2 20 177.0 5.7 207.0 1.2 4.39 9510 59 0.6 0.0 14.2 22.6 2.7 11.4 3.1 2.3 4.2 0.9 6.4 1.4 4.1 0.7 5.0 0.6 8.8 0.8 2.4 
T3-1 - 3 32 1.9 5.3 7.1 0.2 0.01 9060 97 0.6 0.0 19.5 39.4 4.4 16.9 3.7 3.4 5.2 1.1 9.2 2.2 7.1 1.1 7.1 0.7 7.4 0.9 1.6 
T3-1 - 4 14 1.4 4.4 5.0 0.2 0.01 9500 64 0.6 0.0 16.3 24.4 2.6 10.3 2.5 1.9 3.4 0.7 5.7 1.3 4.3 0.8 5.8 0.7 13.6 0.8 2.0 
T3-1 - 5 107 89.9 3.4 101.0 3.3 2.16 5900 748 1.0 0.1 44.0 228.0 43.2 262.5 111.0 44.7 165.5 29.5 184.5 33.4 75.7 8.4 36.9 3.0 4.6 0.3 0.1 
T3-1 - 6 59 55.4 3.7 2600.0 2000.0 1.43 5135 527 0.9 0.2 29.8 137.2 24.1 126.9 43.9 27.2 64.7 12.9 91.0 18.0 45.1 5.5 26.1 2.1 8.0 0.4 0.3 
T3-1 - 7 13 2.2 3.5 6.3 0.6 0.02 8940 89 0.5 0.0 40.3 42.4 3.7 13.0 2.9 2.3 4.1 0.8 6.7 1.6 5.4 1.1 10.7 1.5 10.2 2.0 4.2 
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Analysis ID Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
T3-1 - 8 123 339.0 5.2 609.0 66.0 8.39 5127 603 1.5 0.1 36.7 180.9 35.1 211.1 85.6 37.6 125.2 22.5 142.9 25.6 57.0 6.3 28.0 2.2 5.8 0.5 0.2 
T3-1 - 9 24 28.4 3.0 500.0 48.0 0.59 5581 341 0.7 0.1 42.4 129.6 17.7 78.7 21.8 17.1 29.9 6.0 44.4 9.4 26.7 3.8 20.3 1.9 5.7 0.8 0.4 
T3-1 - 10 42 17.1 2.9 580.0 198.0 0.42 5102 386 0.9 0.1 35.3 140.1 21.3 104.4 30.7 21.8 42.3 8.2 59.1 12.1 31.6 4.2 20.8 1.7 7.1 0.3 0.1 
T3-1 - 11 27 2.6 11.4 13.2 3.0 0.01 6963 116 0.6 0.0 18.5 32.0 3.7 15.9 5.0 3.7 7.1 1.5 11.4 2.5 7.7 1.4 10.3 1.2 7.4 0.8 1.2 
T3-1 - 12 23 52.5 10.3 75.0 1.8 0.91 4217 416 0.8 0.1 29.9 135.2 23.8 123.4 39.0 26.1 56.2 10.7 74.6 15.1 38.0 4.5 21.3 1.8 3.0 0.2 0.2 
T3-1 - 13 23 99.0 6.2 1270.0 340.0 2.33 6025 148 0.8 0.2 20.6 60.9 9.6 49.9 17.4 9.1 23.4 4.1 28.4 5.4 13.6 1.7 9.1 0.8 12.8 1.0 1.4 
T3-1 - 14 30 21.4 5.1 247.0 45.0 0.48 5360 278 0.7 0.1 33.8 106.6 17.0 83.4 26.9 15.2 36.8 6.9 48.1 9.8 24.8 3.3 17.4 1.5 10.0 0.7 0.9 
T3-1 - 15 28 2.0 3.3 8.6 3.1 0.04 6870 265 0.7 0.1 15.5 69.9 15.0 92.9 39.2 20.0 58.0 10.7 68.4 11.9 26.4 2.7 12.1 1.0 10.4 1.0 1.0 
T3-1 - 16 79 260.0 5.7 1350.0 170.0 6.31 4982 745 1.3 0.1 36.0 176.5 37.2 224.8 95.3 46.1 151.7 27.7 180.3 32.5 74.3 8.0 34.7 2.6 12.3 0.3 0.1 
T3-1 - 17 9 1.5 2.1 7.4 1.1 NA 7008 93 0.6 0.0 44.7 37.0 2.2 5.9 1.1 1.2 1.3 0.3 3.1 0.9 4.3 1.2 13.5 1.9 4.9 2.2 2.4 
T3-1 - 18 6 10.2 5.4 440.0 14.5 0.19 9580 52 0.5 0.0 19.4 17.3 1.1 2.8 0.6 1.0 0.9 0.2 1.8 0.5 2.3 0.6 6.2 0.8 21.2 1.3 1.4 
T3-1 - 19 52 112.0 3.8 520.0 34.0 2.04 5582 282 0.8 0.1 33.6 112.0 17.1 82.9 24.5 13.6 34.4 6.4 45.5 9.3 24.8 3.3 17.8 1.6 4.3 0.1 0.0                             
T4-1 - 1 25 2.3 5.5 8.9 0.5 0.02 9890 181 0.7 0.1 19.0 48.2 7.6 39.2 14.8 10.3 21.3 4.0 27.0 5.4 14.4 2.0 12.2 1.3 15.5 0.9 1.0 
T4-1 - 2 29 3.6 3.7 10.1 0.5 0.02 6178 216 0.6 0.1 20.7 46.2 5.0 21.0 7.4 8.1 11.2 2.1 15.3 3.3 11.5 2.1 14.1 1.4 4.3 0.4 0.3 
T4-1 - 3 10 1.8 2.8 6.3 0.3 0.01 8040 54 0.5 0.0 9.7 15.2 2.2 11.2 4.3 3.3 6.2 1.2 8.0 1.5 4.1 0.6 4.1 0.5 8.7 0.6 3.1 
T4-1 - 4 19 2.0 2.6 9.0 0.3 0.01 8000 119 0.6 0.0 14.2 29.0 3.6 15.1 4.9 5.1 7.2 1.6 12.2 2.7 8.4 1.4 9.2 1.0 6.0 0.7 1.8 
T4-1 - 5 17 1.6 4.6 7.1 0.3 0.01 10020 87 0.5 0.1 17.0 25.7 2.9 13.3 4.8 4.8 6.9 1.2 7.8 1.6 4.8 0.9 6.6 0.8 28.5 1.2 2.0 
T4-1 - 6 17 1.7 1.6 5.5 0.1 NA 8630 60 0.5 0.0 14.9 19.3 1.7 5.9 1.7 2.8 2.6 0.5 3.5 0.8 2.8 0.6 5.0 0.6 8.5 0.9 2.7 
T4-1 - 7 56 2.5 2.5 13.0 2.4 0.05 6523 403 0.8 0.0 23.6 120.8 23.8 143.1 59.9 29.0 89.5 16.1 100.7 18.3 41.4 4.5 19.5 1.6 4.2 0.5 0.3 
T4-1 - 8 6 1.5 3.3 5.6 0.2 NA 13530 39 0.5 0.1 14.7 12.6 1.2 5.7 2.2 1.4 3.3 0.6 3.8 0.7 2.0 0.4 5.0 0.8 20.6 0.8 2.4 
T4-1 - 9 10 1.4 1.9 5.2 0.2 0.01 9930 76 0.6 0.0 27.7 23.5 2.0 7.4 2.3 2.0 3.2 0.6 4.5 1.0 3.7 0.9 9.4 1.4 9.8 1.7 2.3 
T4-1 - 10 15 2.0 2.8 15.9 1.1 0.02 10600 63 0.6 0.2 19.2 20.1 1.8 8.5 3.5 2.8 4.9 0.9 5.5 1.0 3.0 0.7 7.1 1.0 10.6 0.9 2.2 
T4-1 - 11 15 2.1 6.4 7.2 0.2 0.01 9570 49 0.6 0.1 10.3 16.4 2.5 15.4 6.5 4.1 9.0 1.5 8.6 1.5 3.5 0.5 3.8 0.5 16.3 0.5 1.1 
T4-1 - 12 34 1.4 3.5 5.0 0.4 0.02 8850 265 0.6 0.0 20.8 56.5 10.1 52.7 18.3 18.0 25.1 5.2 37.1 7.5 19.8 2.6 13.8 1.2 24.4 0.8 2.2 
T4-1 - 13 23 2.6 6.4 7.8 0.3 0.01 7850 139 0.6 0.1 17.5 33.9 4.5 21.1 8.2 5.9 11.9 2.4 16.5 3.4 10.0 1.6 11.6 1.4 5.3 0.8 1.4 
T4-1 - 14 14 1.9 5.1 7.2 0.5 0.01 8990 88 0.6 0.1 13.9 23.7 3.4 17.9 6.8 4.2 10.1 2.0 13.6 2.8 7.4 1.1 7.7 1.0 8.3 1.0 2.1 
T4-1 - 15 17 1.5 3.4 6.8 0.2 0.01 8130 32 0.5 0.0 8.2 10.7 1.0 3.8 1.2 1.3 1.8 0.3 2.4 0.5 1.7 0.3 3.1 0.4 10.1 0.4 1.6 
T4-1 - 16 29 1.8 3.4 5.8 0.4 0.01 5790 211 0.6 0.0 15.5 60.2 11.7 69.6 29.1 17.7 42.1 7.3 44.4 7.9 18.1 2.1 9.7 0.9 5.2 0.4 0.2 
T4-1 - 17 31 10.3 145.0 31.4 NA 0.01 7430 250 0.5 0.1 29.6 73.0 9.2 37.3 10.9 13.5 15.8 3.2 24.0 5.2 15.8 2.5 14.9 1.4 8.8 1.2 1.6                             
Unnamed-1 - 1 36 5.0 1.8 7.0 1.7 0.02 2726 143 1.1 0.2 3.9 40.1 15.2 152.7 106.0 29.2 146.9 21.1 95.3 12.0 17.6 1.2 3.6 0.2 1.0 0.1 0.0 
Unnamed-1 - 2 15 3.1 2.0 8.0 0.4 0.01 7480 12 0.6 0.3 2.1 4.7 0.8 4.4 1.8 1.1 2.6 0.4 2.7 0.5 1.0 0.1 0.6 0.1 4.9 1.1 6.2 
Unnamed-1 - 3 39 92.0 215.5 208.0 4.6 0.09 7330 120 0.7 0.3 9.3 22.9 4.1 28.3 13.6 8.1 19.7 3.4 20.5 3.7 9.2 1.3 8.8 1.0 6.1 1.4 0.8 
Unnamed-1 - 4 13 3.0 3.2 5.7 0.6 0.02 9940 98 0.7 0.3 7.9 13.9 2.1 11.9 5.4 5.5 7.7 1.3 9.1 1.9 5.8 1.1 8.6 1.1 7.9 0.3 0.9 
Unnamed-1 - 5 37 3.3 5.0 6.2 2.3 0.02 8350 201 0.9 0.3 11.9 30.5 5.9 40.6 22.0 13.0 32.2 5.5 33.7 6.0 14.9 2.1 13.8 1.5 9.4 0.5 0.6 
Unnamed-1 - 6 32 7.7 4.5 9.6 1.3 0.03 6910 142 0.7 0.4 9.5 20.9 3.1 17.6 7.7 7.6 11.7 2.1 15.0 3.3 9.6 1.5 10.2 1.2 4.6 0.4 0.7 
Unnamed-1 - 7 138 308.0 47.4 3330.0 7.5 0.49 9180 497 2.3 1.1 11.9 49.9 11.9 91.0 52.2 23.9 88.0 16.5 106.5 20.6 49.0 5.2 23.3 2.1 9.6 0.6 0.5 
Unnamed-1 - 8 36 66.0 107.0 251.0 2.5 0.12 7390 99 0.7 0.6 9.9 17.5 2.8 18.9 10.6 5.6 15.7 2.6 15.4 2.6 6.6 1.0 8.8 1.1 4.2 0.9 1.2 
Unnamed-1 - 9 59 19.3 2.4 36.1 2.4 0.23 6283 725 1.5 0.4 24.9 99.8 17.7 105.2 43.8 39.6 65.5 12.1 85.6 18.3 53.2 7.5 39.5 3.2 3.1 0.1 0.0 
Unnamed-1 - 10 176 101.0 36.9 570.0 4.7 0.68 4340 384 1.2 0.3 13.1 96.2 27.9 223.4 134.0 41.0 202.8 32.8 176.5 26.3 46.1 3.7 13.1 0.9 2.1 1.6 0.1 




Table C-3: Phase 2 trace element results of LA-ICPMS spot-line analyses of selected scheelite grains from Glenorchy, Alta Lode, Macraes and Boanerges Peak. CL = cathodoluminescence.  
Analysis ID CL Colour NA Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb 
Bonne Jean - Glenorchy 
BNJ4_area1_1 B 46000 16000 70.0 176 690 22 3900 119 1.40 0.82 14.9 92.0 23.1 134.0 59.0 21.2 63.00 9.70 47.00 7.20 12.60 0.92 2.90 0.15 7.70 
BNJ4_area1_2 B 3200 800 5.4 98 54.0 1.0 4180 83 1.49 0.69 16.6 99.0 20.6 100.0 32.3 11.9 31.00 4.00 22.90 3.91 8.30 0.82 3.90 0.41 3.50 
BNJ4_area1_3 B 1300 250 5.2 100 27.0 1.3 6300 54 1.69 0.51 20.8 74.0 14.5 65.0 17.1 6.7 17.70 2.47 12.50 2.11 5.40 0.45 2.70 0.26 2.62 
BNJ4_area1_4 B 3700 1300 6.3 82 56.0 2.2 4180 63 1.08 0.49 21.5 78.0 13.4 55.0 12.2 6.4 13.70 1.62 11.10 2.24 5.30 0.54 2.93 0.33 2.40 
BNJ4_area1_5 B 65 13 3.3 62 3.9 0.1 5210 79 1.50 0.44 33.4 107.0 13.3 52.0 13.9 7.9 12.30 1.96 13.20 2.57 6.10 0.76 4.60 0.52 2.08 
BNJ4_area1_6 B 2000 360 4.8 97 49.0 1.3 8500 41 1.60 0.53 26.7 52.0 5.1 22.2 5.5 4.1 5.90 0.83 6.20 0.92 2.42 0.38 2.83 0.37 3.80 
BNJ4_area1_7 B 900 180 6.7 80 46.0 0.9 5900 78 1.80 0.52 28.4 89.0 13.3 57.0 16.7 9.4 14.90 2.70 14.10 2.72 6.50 0.64 4.10 0.49 3.90 
BNJ4_area1_8 B 2700 800 6.8 113 48.0 1.3 4690 111 1.46 0.52 32.3 130.0 18.3 84.0 21.8 12.2 23.00 3.44 20.20 3.28 7.50 0.93 4.60 0.51 3.10 
BNJ4_area1_9 B 1600 320 73.0 93 20.0 0.6 4800 88 1.43 0.44 41.0 123.0 14.6 57.0 15.0 8.7 12.20 1.93 12.60 2.48 7.00 0.72 4.90 0.50 2.06 
BNJ4_area1_10 B 17000 4600 134.0 140 250.0 7.0 4700 102 1.16 2.50 33.1 117.0 16.4 59.0 17.0 9.2 14.90 2.43 13.90 2.90 7.20 1.04 5.70 0.60 4.20 
BNJ4_area1_11 R 5800 1600 8.8 141 120.0 2.4 4950 148 1.81 2.80 29.9 161.0 24.4 120.0 35.6 19.7 41.10 6.10 32.90 5.20 11.50 1.56 5.90 0.62 4.90 
BNJ4_area1_12 R 480 52 4.5 77 20.0 0.3 6100 111 1.87 0.79 31.2 149.0 22.3 112.0 37.0 20.7 38.00 5.30 30.30 4.30 10.10 0.95 4.10 0.53 2.20 
BNJ4_area1_13 R 460 100 8.0 81 13.0 0.9 5200 122 1.28 0.42 15.6 104.0 23.9 136.0 54.0 23.4 59.00 8.10 45.00 6.20 9.70 0.99 2.43 0.15 2.90 
BNJ4_area1_14 R 360 71 2.0 80 6.3 0.9 4580 108 1.49 0.29 12.9 86.0 23.4 141.0 65.0 24.6 62.00 8.40 48.00 6.25 10.80 0.78 2.06 0.13 1.37 
BNJ4_area1_15 R 180 49 2.9 69 13.0 0.9 5100 168 1.15 0.39 29.1 186.0 44.0 259.0 103.0 43.9 109.00 14.00 72.00 10.90 17.50 1.10 3.50 0.14 1.97 
BNJ4_area1_16 R 250 210 3.0 63 9.6 1.2 6300 101 1.41 0.20 24.5 167.0 36.1 212.0 77.0 30.5 82.00 9.80 54.00 7.10 12.00 0.76 3.04 0.21 1.73 
BNJ4_area1_17 R 580 100 3.1 74 16.0 0.7 4400 92 0.89 0.35 11.1 68.0 13.6 99.0 37.2 19.3 46.00 7.30 37.00 4.46 9.00 0.60 1.85 0.11 1.89 
BNJ4_area1_18 R 160 64 2.0 91 9.5 0.8 3600 51 1.17 0.48 10.6 88.0 19.1 144.0 55.0 13.8 65.00 7.50 37.80 4.29 6.00 0.48 1.34 0.06 1.17 
BNJ4_area2_1 R 140 18 2.2 83 7.7 0.1 6300 68 1.62 0.36 11.2 79.0 17.0 91.0 31.1 19.0 28.80 4.45 25.70 3.40 7.40 0.58 1.81 0.09 2.08 
BNJ4_area2_2 M 89 18 1.2 70 1.5 <0.11 5300 40 1.48 0.27 11.5 52.0 7.5 36.0 10.0 6.9 10.20 1.64 8.00 1.59 3.85 0.31 1.89 0.23 1.52 
BNJ4_area2_3 B 3600 700 4.4 115 51.0 1.0 5400 27 1.39 0.75 12.7 24.3 2.7 12.3 4.7 3.5 3.80 0.73 4.30 0.63 1.94 0.21 1.99 0.32 2.35 
BNJ4_area2_4 B 900 130 3.1 66 14.0 0.5 5800 62 1.19 0.32 17.5 58.0 7.5 36.0 9.8 6.9 9.10 1.62 9.40 1.65 4.66 0.50 3.40 0.27 2.09 
BNJ4_area2_5 B 900 90 2.6 84 12.0 0.4 5370 29 1.38 0.25 19.2 30.0 2.6 10.2 1.7 2.5 1.42 0.33 2.30 0.40 1.58 0.23 2.09 0.27 2.06 
BNJ4_area2_6 B 700 90 3.5 106 22.0 0.3 5600 33 1.24 0.33 15.6 29.2 3.5 16.4 3.4 3.0 3.90 0.71 3.80 0.75 2.19 0.30 2.23 0.34 2.71 
BNJ4_area2_7 B 190 33 3.3 94 8.8 0.1 7800 31 1.31 0.79 17.9 35.0 3.7 12.8 3.3 3.4 4.60 0.57 3.40 0.71 2.08 0.33 2.21 0.32 3.02 
BNJ4_area2_8 B 90 15 2.0 53 2.8 <0.091 5800 38 1.65 0.22 26.0 41.0 4.1 13.1 3.4 2.9 3.60 0.50 2.90 0.84 1.99 0.27 3.30 0.35 3.10 
BNJ4_area2_9 B 1700 330 5.2 92 34.0 1.0 7100 62 2.60 0.41 39.0 84.0 8.6 21.5 4.5 4.6 4.30 0.85 4.50 1.16 3.61 0.53 5.60 0.53 5.60 
BNJ4_area2_10 B 71 20 2.4 67 2.4 0.1 7300 23 1.64 0.19 18.6 32.1 2.2 7.2 1.3 1.8 1.46 0.21 1.52 0.39 1.52 0.25 2.43 0.30 3.12 
BNJ4_area2_11 B 120 24 2.1 65 2.7 <0.066 6400 47 1.76 0.30 25.1 53.0 6.4 23.2 5.5 4.1 5.10 0.79 6.30 0.85 2.56 0.48 2.71 0.37 3.30 
BNJ4_area2_12 B 220 22 2.9 67 7.3 0.1 5400 97 2.58 0.32 34.0 100.0 10.9 47.0 5.5 7.5 5.90 1.25 8.20 2.10 6.10 0.84 6.70 0.64 2.05 
BNJ4_area2_13 B 25 2 3.6 68 2.0 <0.067 4300 59 3.20 0.23 25.4 75.0 8.4 26.6 3.9 3.4 3.90 0.91 5.50 1.33 3.73 0.55 4.30 0.35 1.67 
BNJ4_area2_14 B 180 29 2.5 61 1.9 <0.1 6400 26 2.70 0.51 16.2 31.7 2.3 7.3 0.7 1.9 1.00 0.19 1.46 0.41 1.21 0.28 2.32 0.23 2.30 
BNJ4_area2_15 B 67 13 2.2 70 2.8 <0.096 5200 35 2.91 0.10 13.3 34.4 4.6 21.7 6.0 3.8 5.00 0.81 6.00 0.97 2.98 0.33 2.08 0.26 2.24 
BNJ4_area2_16 R 900 150 3.5 70 23.0 0.5 4230 82 3.41 0.58 7.3 71.0 15.3 132.0 37.9 11.9 39.60 6.40 34.90 5.40 9.70 0.77 2.61 0.19 1.66 
BNJ4_area2_17 B 30 2 1.1 53 <1.7 <0.06 5820 35 1.67 0.15 18.8 36.3 4.4 20.5 4.2 3.9 3.90 0.69 4.50 1.01 2.80 0.33 2.14 0.25 1.69 
BNJ4_area2_18 B 58 7 1.7 61 1.4 <0.085 4550 25 1.26 0.08 16.4 21.8 1.7 8.7 2.4 2.2 3.29 0.40 2.63 0.42 1.10 0.24 1.93 0.33 2.60 
BNJ4_area2_19 B 53 9 2.4 76 3.1 <0.068 5500 20 1.14 0.12 14.6 22.9 1.9 7.8 1.8 2.1 1.95 0.32 1.96 0.37 0.94 0.15 1.43 0.21 1.62 
BNJ4_area2_20 B 20 4 1.5 46 1.3 <0.087 4500 16 0.90 <0.04 12.8 16.2 1.3 4.0 0.7 1.4 0.56 0.08 0.88 0.13 0.77 0.11 1.37 0.20 1.34 
BNJ4_area2_21 B 37 5 1.6 80 <2 <0.12 6700 23 1.57 0.18 17.6 31.5 3.4 19.2 4.7 3.8 4.60 0.75 3.70 0.70 1.54 0.26 1.80 0.24 1.68 
BNJ4_area2_22 R 79 12 1.5 53 <1.1 0.1 5400 96 3.90 0.90 10.3 63.0 11.2 70.0 24.3 9.8 28.00 4.70 28.00 5.40 12.00 0.97 3.90 0.32 1.43 
BNJ4_area3_1 R 3000 770 285.0 151 73.0 2.0 4400 93 1.26 0.35 6.2 49.0 15.8 124.0 64.0 26.9 69.00 10.40 46.00 6.90 9.80 0.83 2.05 0.12 1.80 
BNJ4_area3_2 R 170 19 0.8 52 5.6 <0.076 5200 142 1.71 0.23 10.2 72.0 25.9 190.0 122.0 35.2 113.00 17.30 94.00 13.30 19.00 1.18 3.01 0.24 1.59 
BNJ4_area3_3 R 420 80 1.5 67 11.0 0.1 4200 133 1.41 0.29 6.5 61.0 17.6 159.0 80.0 30.6 76.00 14.40 66.00 8.70 16.10 1.00 3.10 0.18 1.52 
BNJ4_area3_4 R 3700 1200 4.8 73 62.0 1.6 4600 105 1.25 0.32 6.2 65.0 18.3 185.0 87.0 34.9 87.00 13.30 70.00 9.50 12.50 0.75 2.06 0.11 2.10 
BNJ4_area3_5 R 80000 1900 7.2 145 100.0 3.2 6100 364 1.89 0.42 34.0 227.0 57.0 370.0 124.0 66.0 141.00 26.10 128.00 20.40 41.00 3.00 10.50 0.44 3.20 
BNJ4_area3_6 R 1900 390 2.6 76 33.0 0.6 5100 370 1.22 0.33 32.9 230.0 49.0 300.0 108.0 54.0 114.00 17.50 119.00 17.70 36.80 3.10 8.60 0.53 1.79 
BNJ4_area3_7 R 400 67 1.4 63 12.0 0.2 5600 202 1.36 0.18 20.0 169.0 46.0 336.0 134.0 52.0 147.00 18.40 105.00 16.20 23.80 1.75 4.86 0.23 2.30 
BNJ4_area3_8 R 2800 600 5.0 121 48.0 1.2 5500 172 1.56 0.35 22.4 152.0 30.7 260.0 76.0 43.0 85.00 12.60 70.00 9.30 16.80 1.00 4.10 0.20 2.40 
BNJ4_area3_9 B 380 60 2.5 108 9.8 0.2 5900 50 1.42 0.40 21.7 53.0 6.9 36.0 13.2 6.7 9.90 1.92 10.30 1.61 3.31 0.49 2.93 0.40 2.40 
BNJ4_area3_10 B 520 100 2.9 72 6.8 0.3 7400 37 1.49 0.46 21.8 38.0 4.2 15.3 5.2 3.4 4.20 0.78 3.60 0.65 2.47 0.31 2.34 0.33 3.00 
BNJ4_area3_11 B 3700 690 4.9 117 64.0 1.2 7400 42 1.78 0.62 21.9 42.0 5.1 27.0 6.5 4.4 6.30 1.24 6.30 1.36 2.98 0.33 3.40 0.35 3.60 
BNJ4_area3_12 B 5800 1300 7.0 127 80.0 1.4 4800 32 1.31 0.35 13.2 28.9 3.5 18.0 6.1 4.1 6.50 1.02 5.40 1.02 2.37 0.31 2.03 0.19 3.10 
BNJ4_area3_13 B 1400 370 5.6 103 32.0 1.0 6600 32 1.62 0.65 16.2 30.8 4.1 16.4 5.3 3.9 5.90 0.97 5.40 0.76 2.12 0.30 1.44 0.19 3.30 
BNJ4_area3_14 B 520 100 3.8 93 11.0 0.4 5500 38 1.43 0.34 18.3 37.1 4.8 30.0 7.9 6.1 8.90 1.23 9.60 1.26 3.05 0.34 2.47 0.21 5.90 
BNJ4_area3_15 B 1000 360 10.0 111 21.0 0.6 6200 31 1.14 0.61 16.4 34.9 4.8 17.8 4.6 5.3 5.20 0.77 4.60 0.88 2.87 0.33 1.64 0.21 2.14 
BNJ4_area3_16 B 1200 370 6.2 210 31.0 0.7 5500 42 1.18 1.00 14.7 40.0 6.5 32.0 9.6 5.9 11.30 1.39 7.80 1.58 3.53 0.39 2.01 0.14 2.50 
BNJ4_area3_17 R 720 180 55.0 109 25.0 1.3 4300 173 0.79 0.78 16.3 111.0 35.2 202.0 68.0 44.0 78.00 12.00 69.00 9.00 16.80 1.15 4.00 0.20 1.79 
Alta Lode - Bendigo 
Al1_area1_1 M 51 6 0.9 83 50.0 0.5 4340 244 1.94 0.26 27.4 90.0 12.6 49.1 16.0 57.4 20.70 4.22 28.00 6.65 18.60 2.58 15.10 1.24 12.60 
Al1_area1_2 O 73 <1.9 0.6 71 2.3 <0.078 4700 486 2.08 0.32 32.8 185.0 37.5 204.0 74.1 80.0 104.00 20.20 116.00 21.00 54.00 5.76 19.40 2.14 11.40 
Al1_area1_3 O 89 1 0.7 59 2.1 <0.1 4930 439 2.05 0.27 28.8 149.0 28.4 157.0 58.4 57.7 81.00 15.10 94.00 18.90 44.40 4.67 21.50 1.74 18.60 
Al1_area1_4 M 36 <1.1 2.2 67 <0.83 <0.1 7180 95 1.99 0.53 15.0 46.1 6.8 31.4 10.1 15.4 13.30 2.62 16.90 3.06 8.12 1.10 7.06 0.75 41.40 
Al1_area1_5 O 152 1 0.9 82 59.0 <0.066 4730 429 2.08 0.34 25.1 148.0 28.0 139.0 51.8 63.2 73.30 15.00 88.40 17.80 45.70 4.73 22.10 1.84 13.20 
Al1_area1_6 O 126 <0.89 0.7 62 3.6 <0.068 4600 645 2.33 0.27 39.8 263.0 51.8 252.0 99.2 95.0 139.00 26.40 154.00 32.00 83.50 7.60 31.50 2.46 11.90 
Al1_area1_7 O 131 <1.6 0.5 71 20.2 <0.088 5580 660 2.60 0.25 37.4 199.0 42.6 288.0 115.0 89.0 197.00 35.80 208.00 39.70 88.00 7.90 30.20 2.32 14.10 
Al1_area1_8 O 88 <0.95 0.6 73 45.9 <0.084 5290 499 2.59 0.40 31.3 185.0 33.9 216.0 85.0 70.0 118.00 22.50 149.00 26.10 55.00 5.44 20.00 1.41 13.50 
Al1_area1_9 O 40 <0.9 0.6 62 1.6 <0.059 5160 229 1.95 0.35 27.4 90.5 18.7 97.0 42.7 46.8 57.20 10.40 58.00 10.00 22.70 2.58 12.30 1.27 12.20 
Al1_area1_10 B <14 <0.93 0.8 71 <1.2 <0.071 4530 51 1.71 0.45 15.0 23.4 2.2 6.3 1.7 16.0 1.85 0.46 3.45 0.79 3.22 0.59 5.37 0.63 14.50 
Al1_area1_11 B <16 <1.4 0.8 69 3.0 <0.11 5050 136 2.05 0.37 25.7 48.6 5.4 17.5 4.9 39.8 6.80 1.51 11.60 2.55 9.20 1.64 11.50 1.22 14.50 
Al1_area1_12 O 87 <0.66 0.6 64 1.7 0.1 3940 725 1.88 0.43 45.6 283.0 55.5 326.0 114.0 104.0 143.00 29.50 193.00 36.40 87.00 9.40 35.10 3.03 12.00 
Al1_area1_13 O 97 <0.69 0.4 55 2.0 <0.097 3800 600 1.99 0.40 38.8 246.0 45.9 242.0 93.0 77.0 116.00 22.70 144.00 31.00 64.40 6.80 28.50 2.50 12.20 
Al1_area1_14 O 154 2 0.8 62 13.3 <0.074 4080 538 2.33 0.35 35.4 205.0 44.6 235.0 92.0 82.0 118.00 21.80 139.00 28.50 64.10 6.30 26.60 2.18 12.90 
Al1_area1_15 O 105 <1.1 0.7 66 24.4 <0.053 4470 350 2.15 0.33 21.6 134.0 27.9 159.0 63.0 52.1 82.00 16.30 98.00 19.30 46.20 4.03 17.00 1.28 12.00 
Al1_area1_16 O 101 <0.95 0.5 67 2.3 <0.066 4910 510 2.24 0.34 26.8 160.0 39.4 235.0 95.0 71.8 140.00 27.20 165.00 29.50 68.00 6.48 23.50 1.77 11.50 
Al1_area1_17 O 148 <1.5 0.4 59 1.5 <0.065 4260 485 2.44 0.24 25.1 177.0 37.2 216.0 93.0 67.4 136.00 26.50 159.00 31.00 66.20 6.51 24.60 1.72 10.30 
Al1_area1_18 O 65 1 0.5 63 <0.63 <0.073 4220 261 2.35 0.42 22.6 90.0 17.0 100.0 39.3 52.9 51.90 10.80 70.00 13.40 29.60 3.15 14.50 1.14 10.30 
Al1_area1_19 O 74 4 1.1 66 8.1 0.2 4670 187 1.83 0.42 19.7 78.0 13.4 73.0 29.4 42.1 35.70 6.80 41.90 7.70 18.50 2.29 10.10 0.79 13.30 
Al1_area2_1 R 51 <0.63 0.8 69 69.0 <0.092 4440 336 1.63 0.31 39.9 133.0 16.5 60.3 14.7 74.1 18.40 4.73 36.30 8.40 26.20 4.04 21.20 1.93 15.80 
Al1_area2_2 O 63 <0.68 0.7 62 1.7 <0.095 4560 334 2.32 0.30 31.7 145.0 20.7 108.0 34.2 66.8 41.80 10.00 58.00 11.30 31.20 3.65 16.70 1.32 11.60 
Al1_area2_3 O 70 <1.9 0.5 66 2.2 <0.078 3730 458 2.29 0.19 33.8 183.0 40.4 228.0 86.0 67.0 114.00 20.90 130.00 22.60 51.30 5.42 20.30 1.71 9.00 
Al1_area2_4 O 44 <1.5 0.6 65 1.2 <0.096 4230 382 1.94 0.29 39.7 161.0 27.0 147.0 53.5 59.9 69.00 13.60 81.00 16.00 39.50 4.55 23.70 1.91 9.90 
Al1_area2_5 M 57 <0.66 0.7 59 9.2 <0.052 4440 308 1.65 0.19 37.4 137.0 19.5 77.0 24.3 58.0 33.10 6.63 44.80 9.50 26.90 3.72 17.80 1.86 10.50 
Al1_area2_6 R 32 1 1.0 75 47.3 0.1 4990 149 1.91 0.38 30.5 62.9 9.0 38.9 12.8 33.2 17.70 3.41 21.90 4.51 13.30 1.72 11.40 1.22 21.20 
Al1_area2_7 R 26 <1.1 1.2 64 1.6 <0.066 6400 172 2.19 0.34 34.1 71.9 8.1 28.6 9.1 31.6 11.00 2.32 16.40 3.47 10.90 1.97 14.60 1.58 27.80 
183 
 
Analysis ID CL Colour NA Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb 
Al1_area2_8 R 31 <0.63 1.1 69 9.3 <0.058 4860 190 1.58 0.38 35.3 86.0 10.1 37.4 10.2 32.5 12.60 3.06 20.00 4.42 14.50 2.31 14.60 1.37 20.50 
Al1_area2_9 O 33 <0.7 0.7 54 1.4 <0.078 4670 325 2.02 0.25 37.5 162.0 24.1 123.0 41.9 49.2 55.00 10.90 64.00 12.50 30.60 4.05 18.90 1.87 17.20 
Al1_area2_10 O 79 <1.1 0.5 48 2.0 <0.11 3900 377 2.85 0.20 32.3 181.0 35.9 224.0 83.0 55.2 110.00 20.80 131.00 22.00 53.20 5.27 21.50 1.76 9.70 
Al1_area2_11 O 111 <0.99 1.0 76 2.4 <0.058 4380 372 2.64 0.44 35.2 153.0 28.2 173.0 61.8 55.2 85.00 16.70 90.00 17.10 39.60 4.05 17.50 1.59 13.10 
Al1_area2_12 O 109 <0.75 1.0 72 2.4 <0.095 4190 279 2.18 0.26 21.3 130.0 26.7 145.0 55.5 52.8 76.00 14.70 80.00 13.80 31.50 3.19 12.50 1.03 13.60 
Al1_area2_13 O 64 <0.73 0.6 54 1.0 0.1 3230 416 2.02 0.23 34.6 194.0 41.5 205.0 80.6 72.0 99.00 18.80 127.00 20.60 47.20 5.06 17.30 1.65 7.40 
Al1_area2_14 R 58 2 1.5 85 117.0 <0.079 4700 220 1.70 0.37 27.3 91.0 13.2 54.0 18.3 36.6 22.20 4.70 32.00 5.04 16.30 2.42 11.70 1.18 17.10 
Al1_area2_15 R 35 <1.4 0.9 76 98.0 <0.16 4710 215 1.99 0.30 29.9 99.0 12.4 54.4 17.4 43.6 21.70 4.70 30.40 5.84 18.70 2.37 14.20 1.49 18.30 
Al1_area2_16 R 56 1 0.9 74 76.0 <0.078 4800 225 1.99 0.23 38.4 105.4 13.4 51.4 15.6 49.7 20.10 4.48 31.20 6.12 19.40 3.05 15.20 1.73 18.20 
Al1_area2_17 R 49 0 0.9 65 36.0 <0.1 5080 197 1.81 0.12 40.1 87.7 9.7 39.5 11.4 42.4 14.80 2.92 20.10 4.73 13.80 2.00 14.40 1.65 14.10 
Al1_area2_18 R 46 1 0.8 93 80.0 <0.094 4480 155 1.50 0.43 22.8 60.9 10.3 46.9 20.4 33.8 24.10 4.67 33.00 5.65 12.40 1.62 9.40 0.92 13.50 
Al1_area2_19 R 41 1 0.8 66 51.0 <0.076 4300 176 1.78 0.23 18.7 75.4 12.3 50.1 17.2 42.0 21.50 4.96 32.50 5.45 15.80 2.08 9.60 0.76 12.20 
Al1_area3_1 O 155 1 0.5 57 2.3 <0.086 3770 610 2.41 0.32 29.0 182.0 47.2 320.0 193.0 117.0 227.00 41.00 222.00 35.70 72.90 7.20 26.50 2.18 9.90 
Al1_area3_2 O 60 0 0.6 50 <1.3 <0.1 3260 561 2.06 0.25 63.4 254.0 32.9 122.0 27.8 114.0 37.70 7.14 55.90 13.30 39.90 5.49 28.70 2.97 7.50 
Al1_area3_3 R 64 <0.73 0.7 56 <1.2 <0.064 3910 485 2.10 0.45 56.0 212.0 30.8 104.0 30.8 121.0 37.30 7.80 55.00 11.90 37.30 5.65 30.70 2.73 8.30 
Al1_area3_4 R 54 <2.4 0.5 52 <1.1 <0.082 4360 375 1.75 0.25 45.9 152.0 22.7 90.0 30.8 101.0 34.80 7.37 56.60 10.70 32.40 4.17 23.80 2.05 9.30 
Al1_area3_5 O 70 1 0.6 55 <1 <0.11 4190 267 2.21 0.45 20.4 104.0 20.1 110.0 40.7 54.9 57.50 11.40 73.00 12.70 31.60 3.11 12.60 0.92 9.90 
Al1_area3_6 O 62 <1.5 0.6 60 1.3 <0.096 4410 286 2.12 0.35 18.2 113.0 26.9 144.0 63.3 50.9 75.20 15.60 91.00 13.50 33.90 3.21 10.60 0.90 10.20 
Al1_area3_7 O 94 <0.68 0.6 57 1.7 <0.057 3820 255 2.08 0.21 20.7 116.0 25.6 136.0 52.5 41.5 69.50 13.50 77.70 13.20 30.30 2.82 11.10 0.92 8.90 
Al1_area3_8 O 124 <0.77 0.7 61 15.0 <0.07 3970 279 2.11 0.31 29.0 166.0 33.5 189.0 66.4 55.9 84.00 14.70 92.00 16.90 33.90 3.38 12.60 1.19 10.40 
Al1_area3_9 O 107 <0.77 0.6 58 39.0 <0.086 4510 269 2.07 0.33 24.8 137.0 31.2 158.0 61.2 45.1 81.00 15.80 78.80 12.70 31.40 3.36 11.50 0.88 10.80 
Al1_area3_10 O 92 <0.72 0.6 56 17.0 <0.13 4200 256 2.50 0.23 23.9 126.0 25.6 147.0 50.3 49.1 62.40 11.60 67.70 13.30 32.40 2.97 11.00 0.99 11.50 
Al1_area3_11 O 113 <1 0.5 54 1.8 0.1 3820 336 2.43 0.39 33.3 202.0 38.8 186.0 76.4 58.9 97.00 18.90 105.00 17.30 46.30 3.80 13.40 1.23 10.10 
Al1_area3_12 O 101 <0.74 0.6 76 52.0 <0.094 3420 434 2.28 0.41 30.1 196.0 38.3 220.0 80.0 67.3 106.00 19.80 123.00 20.90 50.20 5.12 19.70 1.49 9.70 
Al1_area3_13 O 59 <1 1.0 89 101.0 <0.076 4760 246 1.82 0.27 30.7 108.0 15.5 70.5 25.0 49.3 29.20 6.18 40.70 7.30 20.60 2.85 12.80 1.31 15.00 
Al1_area3_14 M 88 1 1.2 100 134.0 <0.1 4130 172 1.65 0.33 19.0 73.0 12.1 59.0 17.4 35.2 27.50 4.45 26.10 5.54 13.30 1.68 10.30 0.92 17.00 
Al1_area3_15 R 82 1 0.9 97 96.0 <0.046 4560 297 1.82 0.30 27.4 104.0 16.2 61.6 22.1 67.0 28.10 5.71 41.10 7.70 23.10 3.14 16.20 1.30 14.40 
Al1_area3_16 R 56 <0.73 0.6 52 <0.91 <0.11 3970 405 1.79 0.23 39.5 138.0 20.2 93.0 25.5 87.0 35.00 7.30 50.00 11.30 32.50 3.74 23.20 1.75 10.90 
Al1_area3_17 R 34 <0.76 0.5 56 <1.2 <0.1 4100 242 1.99 0.25 28.6 102.0 14.1 51.2 14.7 60.9 19.00 4.16 30.10 6.00 21.70 3.11 14.90 1.35 11.24 
Al1_area3_18 R 40 1 0.6 45 <0.71 <0.06 3820 237 1.86 0.26 35.1 111.0 15.1 50.0 14.8 65.0 19.20 4.10 28.90 6.20 18.30 2.77 16.90 1.29 10.30 
Al1_area3_19 M 41 <0.88 0.9 60 <1.1 <0.044 4270 210 1.94 0.32 38.2 92.0 9.5 28.1 7.4 47.8 9.40 2.23 17.10 4.03 13.80 2.30 15.90 1.38 18.50 
Al1_area3_20 B 44 <1 1.0 58 <1.2 <0.11 4640 206 1.98 0.19 34.9 77.0 9.1 25.1 6.1 53.0 8.00 1.99 17.50 3.77 14.00 2.43 13.80 1.45 21.00 
Al1_area3_21 B 39 0 1.1 55 1.0 <0.12 5500 102 1.98 0.37 27.0 49.8 4.2 11.5 2.3 33.4 3.32 0.65 6.00 1.47 5.72 1.16 8.50 1.15 29.30 
Al1_area3_22 B 65 <0.76 0.8 57 4.0 <0.1 5800 151 1.76 0.23 24.2 67.0 8.0 31.7 7.9 46.0 11.20 1.98 16.70 3.11 9.90 1.60 9.40 0.93 16.60 
Al1_area3_23 B 43 <1.4 0.7 62 33.1 <0.083 4350 250 1.62 0.15 35.6 109.0 13.1 43.4 11.1 64.9 14.50 2.95 23.30 5.40 16.90 2.59 15.70 1.38 15.00 
Al1_area3_24 B 92 27 1.3 152 260.0 1.3 4250 164 1.94 0.52 26.5 83.0 12.5 58.0 17.2 36.0 25.10 4.57 29.50 5.48 14.20 1.79 11.50 0.91 19.80 
Al1_area3_25 O 69 <0.19 0.4 72 68.0 <0.1 4340 215 1.85 0.21 18.1 110.0 21.7 117.0 39.8 32.5 65.00 11.00 62.70 10.20 24.40 2.15 9.20 0.65 9.18 
Al1_area3_26 O 74 0 0.4 60 13.5 <0.081 4820 246 1.84 0.36 20.2 111.0 24.6 132.0 50.8 42.6 67.70 12.70 68.50 12.40 28.00 2.48 9.00 0.77 8.70 
Al1_area3_27 O 97 <1.2 0.6 58 1.9 <0.13 4510 294 2.12 0.20 19.8 116.0 25.6 152.0 52.4 40.1 68.30 13.60 78.00 12.90 29.90 2.82 11.70 0.94 7.75 
Al1_area3_28 O 102 <1.8 0.6 61 <1.1 <0.085 4460 237 2.12 0.24 20.0 113.0 23.6 117.0 46.9 38.8 56.60 9.90 62.70 10.90 22.50 2.27 9.60 0.74 8.62 
Al1_area3_29 O 94 <1.3 0.7 55 1.1 <0.072 3380 282 1.89 0.31 26.0 137.0 27.7 129.0 42.8 47.4 58.70 10.29 69.70 13.10 28.50 2.94 12.70 0.99 8.20 
Al1_area3_30 O 93 <0.72 0.6 54 1.3 <0.055 3700 320 1.80 0.16 32.3 173.0 28.8 151.0 45.8 49.3 60.10 12.00 76.00 14.20 33.50 3.43 15.10 1.24 9.70 
Al1_area3_31 O 87 2 0.6 51 1.1 <0.084 3570 257 1.79 0.25 25.1 141.0 29.2 132.0 44.8 43.1 55.00 9.70 60.60 10.60 26.80 2.61 12.30 0.91 8.30 
Al1_area3_32 O 61 1 0.6 58 <1.3 <0.13 3360 319 1.85 0.25 25.9 150.0 29.4 133.0 43.6 50.2 60.10 12.10 73.00 14.40 35.40 3.38 12.90 1.19 8.40 
Al1_area3_33 O 89 <1.5 0.6 61 1.5 <0.1 3970 351 2.37 0.38 32.7 167.0 30.8 180.0 53.3 53.8 73.00 13.20 89.00 16.10 35.50 3.55 14.00 1.12 10.70 
Al1_area3_34 O 86 <0.75 0.5 56 1.1 <0.089 3530 335 2.24 0.19 27.5 143.0 33.3 142.0 47.5 50.4 69.00 12.80 83.00 16.20 38.50 3.74 16.10 1.25 9.40 
Al1_area3_35 O 79 <0.79 0.7 56 <1.4 <0.13 3970 305 2.09 0.38 26.1 142.0 27.6 136.0 43.3 48.6 53.50 11.50 82.00 12.90 33.50 3.50 14.80 1.11 8.90 
Al1_area3_36 O 105 1 0.8 63 7.4 <0.092 3600 278 1.98 0.79 21.2 125.0 25.1 127.0 44.6 52.8 62.00 10.80 78.00 13.80 32.70 3.62 13.70 0.98 9.20 
Al1_area3_37 O 86 <1 0.9 51 <0.88 <0.07 3730 283 2.10 0.11 22.0 121.0 26.5 122.0 44.9 53.9 55.00 11.70 64.00 12.50 32.80 3.07 13.10 0.98 9.40 
Al1_area3_38 O 74 <0.84 0.6 50 2.2 <0.081 3600 268 1.82 0.43 21.4 117.0 23.0 135.0 39.8 45.3 66.00 11.20 71.60 13.10 28.00 3.22 13.30 0.92 9.00 
Al1_area3_39 O 138 <0.84 0.7 69 22.7 <0.11 4620 406 3.57 0.29 16.2 117.0 25.3 132.0 56.0 50.2 77.00 15.20 102.00 17.60 45.30 4.96 21.60 1.72 12.30 
Al1_area3_40 O 127 <1.6 0.4 61 46.0 <0.075 4820 482 4.49 0.20 15.9 99.0 21.5 138.0 54.9 44.4 85.00 17.30 104.00 22.00 57.00 5.82 26.90 2.56 <18 
Al1_area3_41 O 136 1 0.6 58 16.4 <0.095 4250 347 3.58 0.20 13.8 84.4 19.6 107.0 47.6 43.2 75.90 13.70 93.50 17.80 41.60 4.63 19.20 1.55 13.20 
Al1_area3_42 R 92 1 0.6 57 1.9 <0.1 4190 207 2.16 0.36 17.3 100.0 23.8 126.0 49.4 38.4 62.10 11.80 69.20 11.48 26.70 2.49 9.27 0.92 11.00 
Al1_area3_43 R 92 1 <0.51 53 1.6 <0.12 4090 249 2.39 0.34 22.8 126.0 29.8 161.0 60.6 44.5 84.00 14.60 86.00 14.40 30.20 2.66 10.50 0.92 11.10 
Al1_area3_44 R 89 <1.2 0.5 58 2.1 <0.11 3560 225 2.06 0.39 20.2 116.3 25.7 158.0 58.7 40.5 84.00 14.00 75.00 12.50 27.20 2.35 9.30 0.69 9.50 
Al1_area3_45 R 86 <1 0.7 64 20.4 <0.069 3480 255 1.88 0.33 19.2 109.0 23.1 127.0 50.7 43.5 64.10 13.30 82.00 11.80 26.70 2.52 11.00 0.90 9.60 
Al1_area3_46 R 87 5 0.9 87 58.0 0.2 4440 287 1.69 0.21 30.5 123.0 17.6 71.0 21.9 73.9 32.70 6.05 39.10 9.00 23.50 3.34 18.10 1.55 15.20 
Al1_area3_47 O 156 <1.3 0.8 90 70.0 <0.1 4370 600 2.61 0.36 40.5 204.0 38.8 227.0 85.0 111.0 113.00 22.20 139.00 25.80 58.40 5.99 25.90 2.07 12.30 
Al1_area3_48 R 50 0 1.1 121 207.0 <0.17 4940 139 1.86 0.53 21.5 57.0 9.0 41.1 16.8 33.4 22.50 4.07 25.20 4.77 13.00 1.71 9.30 1.18 17.70 
Al1_area3_49 M 19 <2 0.8 108 146.0 <0.11 4730 98 1.62 0.76 20.5 34.4 4.4 17.4 7.6 23.6 9.40 1.71 10.90 2.38 7.14 1.11 8.60 1.21 15.60 
Al1_area3_50 O 75 5 0.9 136 144.0 0.2 4620 223 1.80 0.52 20.4 74.9 15.8 95.0 40.7 39.7 62.20 12.20 65.60 10.10 26.20 2.54 11.50 1.18 16.50 
Al1_area3_51 O 156 1 0.5 63 2.1 <0.086 5090 480 2.50 <0.26 27.5 171.0 44.0 306.0 146.0 88.0 216.00 35.70 197.00 33.70 67.00 5.38 20.40 1.43 12.90 
Golden Point - Macraes 
OU85906_area1_1 O 66 4 1.7 69 1.7 <0.045 6980 620 2.52 0.14 23.7 151.0 38.1 243.0 122.0 68.3 182.00 34.30 198.00 33.50 69.50 6.50 22.20 1.52 5.52 
OU85906_area1_2 O 56 <1.5 3.0 68 1.5 <0.14 6000 526 1.99 <0.074 23.7 143.0 34.8 216.0 107.0 62.0 141.00 27.60 150.00 23.80 56.90 5.56 18.70 1.32 4.70 
OU85906_area1_3 O 59 7 18.5 83 1.9 <0.11 6510 596 2.00 0.16 29.1 192.0 38.2 258.0 118.0 70.0 165.00 31.60 167.00 30.00 64.90 6.35 23.00 1.71 5.30 
OU85906_area1_4 O 48 1 1.5 71 1.6 <0.064 7200 750 2.05 <0.037 32.1 209.0 49.3 309.0 139.0 79.0 183.00 37.50 210.00 39.30 83.00 6.80 27.10 1.86 6.20 
OU85906_area1_5 O 47 3 1.4 68 1.7 <0.087 6520 643 1.96 <0.16 34.0 192.0 46.9 270.0 121.0 74.0 167.00 31.90 179.00 34.00 71.00 6.60 24.60 1.61 5.43 
OU85906_area1_6 O 50 1 1.6 63 1.3 <0.073 5960 610 1.93 <0.14 29.7 179.0 40.7 245.0 107.0 67.0 161.00 30.00 178.00 30.90 67.00 5.85 21.40 1.68 5.83 
OU85906_area1_7 O 58 5 2.9 96 5.1 0.1 6520 650 2.29 0.10 35.2 207.0 54.0 311.0 151.0 79.0 186.00 36.30 211.00 35.40 78.00 7.80 25.40 1.58 5.33 
OU85906_area1_8 O 46 <0.72 1.6 70 1.5 <0.068 5770 612 1.89 <0.096 31.2 209.0 44.5 264.0 117.0 66.0 164.00 29.20 176.00 36.10 68.00 5.86 24.30 1.81 4.82 
OU85906_area1_9 O 26 0 1.3 54 1.8 <0.086 5470 511 2.16 <0.096 27.1 184.0 41.6 235.0 107.0 61.0 143.00 28.40 150.00 26.00 56.80 5.20 18.90 1.27 5.11 
OU85906_area2_1 B 660 600 209.0 1300 1.1 0.1 6700 94 1.24 0.10 19.9 45.0 5.6 25.4 8.9 5.5 11.90 2.07 12.40 2.64 6.84 0.98 6.60 0.66 11.10 
OU85906_area2_2 B <11 4 14.0 63 <1.3 <0.077 9100 82 1.68 <0.12 20.1 30.6 3.5 15.2 5.8 5.0 7.30 1.34 9.00 1.92 5.37 0.86 5.39 0.55 11.80 
OU85906_area2_3 B <13 15 44.0 82 <1.1 <0.062 10500 113 1.82 0.15 20.0 43.9 6.5 31.2 11.3 8.5 15.20 2.70 15.60 2.68 8.05 1.06 6.47 0.64 14.10 
OU85906_area2_4 B <14 <1.5 3.7 59 <0.67 <0.098 10900 162 1.74 <0.12 24.5 58.9 8.1 34.8 11.4 11.3 16.10 3.08 18.90 3.61 10.50 1.47 7.67 0.69 14.50 
OU85906_area2_5 M 26 <0.84 3.0 59 <0.76 <0.062 7000 551 1.82 0.06 38.3 160.0 31.7 149.0 56.2 57.1 73.50 14.40 104.00 17.70 43.50 4.56 20.10 1.58 7.87 
OU85906_area2_6 O 42 <1.8 2.0 59 1.7 0.1 6070 770 2.03 <0.083 33.3 212.0 50.3 286.0 126.0 93.0 164.00 32.80 195.00 29.80 67.00 6.51 23.50 1.55 6.05 
OU85906_area2_7 M 270 60 3.3 77 1.3 0.3 7840 326 1.87 0.07 24.1 116.0 22.8 115.0 42.1 36.5 57.10 12.30 65.60 12.90 29.80 2.93 11.50 0.78 10.40 
OU85906_area2_8 M <17 0 2.9 66 <0.66 <0.093 8060 149 1.65 0.11 16.7 54.7 8.8 41.6 15.2 14.1 19.60 3.71 24.30 5.00 12.30 1.42 6.33 0.56 11.90 
OU85906_area2_9 M <13 <0.73 3.5 59 <0.69 <0.083 8400 119 1.62 <0.074 14.8 43.8 7.3 38.0 13.5 11.0 19.60 3.54 23.40 4.39 10.46 1.17 5.62 0.51 11.80 
OU85906_area2_10 M 13 <0.8 3.0 72 <0.92 0.1 8200 98 1.63 0.08 12.2 38.8 7.1 39.2 14.7 10.4 22.00 4.02 25.60 4.76 9.83 1.04 4.77 0.41 14.70 
OU85906_area2_11 O 42 <1.3 2.6 65 <1.2 <0.11 8600 368 2.05 <0.17 17.2 89.4 24.4 148.0 78.8 37.3 114.00 21.20 127.00 21.70 44.90 3.69 14.50 1.03 11.20 
OU85906_area2_12 O 96 2 2.1 73 2.0 <0.12 6180 801 2.25 <0.083 27.2 203.0 54.3 409.0 184.0 90.0 292.00 54.70 297.00 47.20 104.00 9.30 32.80 2.12 6.60 
184 
Analysis ID CL Colour NA Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb 
OU85906_area2_13 O 174 7 2.6 66 2.9 <0.11 5890 728 2.03 0.09 26.9 192.0 50.8 373.0 193.0 96.0 285.00 52.70 308.00 50.60 94.00 7.60 24.60 1.76 5.53 
OU85906_area2_14 O 88 <1.1 1.8 60 2.7 <0.081 6110 661 2.04 0.14 16.2 130.0 39.9 292.0 167.0 77.5 234.00 43.40 242.00 40.90 85.60 6.49 23.20 1.72 6.20 
OU85906_area2_15 M <13 3 11.0 66 <0.86 <0.095 9700 96 1.77 0.12 14.7 37.3 5.9 31.3 12.1 7.8 16.50 3.36 20.60 3.87 8.66 1.02 5.68 0.45 25.10 
OU85906_area2_16 B <15 <1.3 5.5 53 <1 <0.092 8900 56 1.81 <0.11 12.8 18.2 2.2 10.5 4.3 3.3 5.42 1.20 6.71 1.45 3.59 0.49 3.63 0.43 20.50 
OU85906_area2_17 B <17 <0.85 2.2 59 <0.84 <0.06 9800 30 1.73 <0.088 7.3 8.8 0.9 4.3 1.6 2.2 2.43 0.42 3.01 0.66 1.72 0.28 1.97 0.33 14.80 
OU85906_area3_1 B <14 <1.1 2.3 53 <0.82 <0.063 10700 50 1.87 <0.043 11.9 21.3 2.4 11.1 3.1 3.7 3.90 0.90 5.76 1.18 3.08 0.46 3.17 0.29 15.00 
OU85906_area3_2 B <16 <0.89 3.2 49 <1 <0.14 8610 51 1.76 <0.047 10.3 19.0 2.1 10.3 3.0 3.7 4.37 0.75 4.99 1.04 2.71 0.44 3.08 0.29 12.80 
OU85906_area3_3 B <14 2 2.9 69 <1.2 <0.12 11700 50 1.54 0.07 11.2 19.0 2.2 9.3 3.0 3.3 4.01 0.88 5.40 1.05 2.58 0.46 3.07 0.29 21.30 
OU85906_area3_4 B 200 56 2.7 69 <0.86 <0.069 10530 50 1.62 0.10 10.6 21.0 2.8 11.9 4.4 4.0 5.61 1.18 6.71 1.22 3.66 0.48 3.29 0.27 17.10 
OU85906_area3_5 B <15 1 2.1 43 <0.69 <0.1 10400 62 2.02 0.07 13.1 25.3 3.2 16.4 5.3 4.3 7.30 1.25 8.20 1.63 4.13 0.61 4.04 0.36 15.50 
OU85906_area3_6 B <15 <1.7 2.2 53 <1.1 <0.1 10500 61 1.58 0.10 11.3 25.7 3.6 15.0 5.3 4.2 6.40 1.49 8.60 1.63 4.00 0.52 3.61 0.30 12.50 
OU85906_area3_7 B <12 <0.84 2.7 54 <0.93 <0.14 9750 58 1.75 <0.09 9.8 24.4 3.6 16.0 5.7 4.3 7.40 1.37 8.00 1.72 4.26 0.54 2.99 0.26 10.50 
OU85906_area3_8 O 44 8 46.0 62 2.3 <0.16 7800 600 2.01 <0.089 33.2 195.0 48.8 288.0 128.0 73.2 171.00 32.10 201.00 32.90 66.90 6.60 24.10 1.57 8.50 
OU85906_area3_9 O 60 2 9.8 54 1.3 <0.12 5390 806 2.13 0.12 41.0 295.0 70.3 471.0 200.0 101.4 267.00 49.40 258.00 46.70 88.00 7.25 28.60 1.96 4.08 
OU85906_area3_10 O 78 8 2.1 60 1.9 <0.12 5260 660 2.26 0.17 22.8 185.0 45.2 306.0 141.0 70.7 192.00 38.00 213.00 38.30 90.00 7.40 28.90 2.07 4.90 
OU85906_area3_11 O 63 10 19.2 50 <0.92 <0.1 8350 638 2.04 <0.12 27.6 145.0 32.7 209.0 100.0 57.4 140.00 26.50 189.00 31.10 69.00 6.78 28.30 2.10 6.70 
OU85906_area3_12 M 35 2 2.9 50 <1.1 <0.12 9400 351 1.81 <0.049 21.7 91.0 18.0 105.0 45.5 28.6 60.90 11.80 81.00 16.70 37.90 3.77 17.20 1.39 8.00 
OU85906_area3_13 M 13900 4000 10.9 132 4.4 1.5 8210 162 1.84 0.39 17.6 54.8 9.1 45.1 17.2 12.8 25.90 4.45 30.10 5.97 14.60 1.56 8.00 0.64 10.78 
OU85906_area3_14 M 77 49 136.0 121 2.5 <0.12 6960 333 1.49 0.29 26.8 141.0 21.8 121.0 54.0 30.9 72.00 12.80 83.00 15.10 35.80 3.64 18.00 1.41 12.80 
OU85906_area3_15 M 44 <0.89 2.6 53 1.3 <0.13 10700 272 1.63 0.07 28.1 110.0 17.4 84.0 31.6 23.1 41.50 7.58 52.10 9.30 25.50 2.92 12.20 1.17 11.60 
OU85906_area3_16 M 23 1 2.4 51 0.7 <0.11 10800 179 1.86 <0.097 16.2 48.8 8.3 39.6 14.9 13.6 19.80 4.30 27.20 5.14 13.00 1.68 8.80 0.79 11.20 
OU85906_area4_1 B <17 3 12.0 57 <1.3 <0.079 11400 86 1.81 <0.05 17.0 34.3 4.2 17.9 5.3 4.7 7.80 1.46 9.10 2.06 5.50 0.74 5.11 0.57 27.50 
OU85906_area4_2 B <18 1 9.9 59 <1.3 <0.095 11100 77 1.89 <0.053 18.0 33.9 4.4 19.3 5.8 5.0 7.70 1.67 10.23 2.10 5.77 0.84 4.93 0.53 28.00 
OU85906_area4_3 B <15 1 13.3 55 <0.82 <0.12 11500 81 1.92 <0.1 19.0 33.2 3.6 15.2 4.3 3.9 6.29 1.28 8.20 1.79 5.26 0.80 5.72 0.64 40.40 
OU85906_area4_4 B 10 <0.2 11.8 60 <0.75 <0.091 12500 98 1.83 <0.046 21.7 41.5 4.9 18.7 5.1 5.3 7.00 1.44 9.60 2.14 6.40 1.08 6.80 0.75 35.90 
OU85906_area4_5 B <17 <0.85 10.0 56 <1.3 <0.091 13000 87 1.85 0.23 20.4 36.6 3.9 14.5 4.1 4.5 4.56 1.02 7.63 1.48 4.85 0.88 5.87 0.57 29.20 
OU85906_area4_6 B 3600 800 7.6 101 1.8 0.6 10730 98 1.77 0.21 18.8 39.5 5.1 22.0 5.8 5.7 8.18 1.51 11.30 2.47 6.78 0.99 6.76 0.57 23.90 
OU85906_area4_7 B <20 2 8.5 62 <0.79 <0.11 10500 149 1.93 0.07 25.3 64.8 9.4 36.8 10.7 9.7 13.40 2.63 18.70 3.44 11.30 1.56 9.50 0.86 23.30 
OU85906_area4_8 B 20 58 55.0 218 <1 <0.11 9600 130 1.57 <0.087 21.8 60.9 8.0 30.8 9.4 9.0 11.20 2.29 15.20 3.41 10.30 1.43 8.08 0.78 14.10 
OU85906_area4_9 B <16 10 9.4 92 <0.82 <0.083 10100 153 1.72 0.16 21.2 64.0 7.3 32.1 8.4 8.6 11.90 2.18 13.80 3.86 10.10 1.50 9.40 0.91 15.60 
OU85906_area4_10 B <15 <1.7 3.6 64 <0.99 <0.087 8180 135 1.45 <0.09 20.2 53.0 7.3 29.2 8.7 8.0 9.38 2.17 15.50 3.35 10.40 1.29 8.97 0.91 11.50 
OU85906_area4_11 B <18 <0.22 3.8 68 <1.1 <0.095 8080 162 1.81 <0.16 23.2 71.8 9.8 44.2 11.8 11.0 16.00 3.14 20.30 4.62 12.10 1.56 10.10 0.84 7.64 
OU85906_area4_12 B <21 1 2.8 62 <1.4 <0.098 8010 121 1.72 <0.1 22.6 56.4 8.9 33.5 9.8 8.5 10.70 2.09 14.00 3.07 8.24 1.17 7.05 0.81 8.30 
OU85906_area4_13 B <21 2 3.6 67 <2 <0.11 9800 138 1.70 0.12 29.9 77.0 11.0 47.6 13.4 9.4 15.70 2.59 17.70 3.73 10.10 1.32 7.50 0.82 10.10 
OU85906_area4_14 B 37 24 6.5 154 14.0 0.1 9200 116 1.82 0.56 27.7 63.0 9.0 43.6 13.2 8.8 15.30 2.64 17.50 3.59 9.30 1.22 7.00 0.71 10.60 
OU85906_area4_15 B <18 7 4.0 94 <1.2 <0.11 8500 92 1.72 0.24 22.0 42.8 6.3 28.9 8.9 6.3 8.90 2.03 13.30 2.45 6.30 1.08 5.41 0.60 7.28 
OU85906_area4_16 B 63 48 8.1 320 5.8 0.3 10600 80 1.81 0.61 21.7 41.9 5.4 21.8 6.1 4.0 6.19 1.43 8.30 1.80 5.12 0.75 6.25 0.74 11.15 
OU85906_area5_1 M <15 <0.8 0.5 64 <1.1 <0.068 5820 109 1.67 <0.092 20.9 90.0 17.5 74.1 28.1 22.7 28.40 5.36 29.70 5.04 11.00 1.01 3.64 0.32 4.00 
OU85906_area5_2 M <16 <0.96 1.2 72 <1.5 <0.13 8300 122 1.84 <0.056 16.0 58.6 10.4 60.8 20.8 13.8 28.40 4.82 27.80 5.50 11.30 1.30 5.80 0.42 9.10 
OU85906_area5_3 M <14 1 1.0 54 <0.68 <0.068 7480 87 1.60 <0.15 13.0 38.1 7.3 40.4 16.8 9.8 19.60 3.72 21.50 3.93 9.00 1.06 4.57 0.41 8.90 
OU85906_area5_4 M <17 0 1.2 59 <1.4 <0.11 8000 94 1.75 <0.097 13.3 41.4 5.8 29.8 11.4 7.0 15.20 2.87 18.80 3.79 10.20 1.15 6.28 0.62 8.30 
OU85906_area5_5 M <17 <0.87 0.7 65 <1.5 <0.14 7200 117 1.53 <0.1 15.1 55.7 8.9 50.3 16.4 11.1 20.90 4.58 27.30 5.27 14.10 1.35 6.29 0.52 4.83 
OU85906_area5_6 M <16 <1.2 0.5 62 <1.3 <0.12 5800 111 1.61 0.10 18.1 77.0 15.7 74.0 25.1 21.0 32.40 5.43 31.00 5.56 12.70 1.24 4.35 0.31 3.71 
OU85906_area5_7 M 22 4 3.5 58 <1.2 <0.14 5940 133 1.84 0.07 18.9 85.0 15.9 84.0 31.2 25.4 33.30 6.24 39.80 7.20 13.70 1.32 5.22 0.37 4.11 
OU85906_area5_8 M 1600 380 1.9 85 <1.5 0.3 4980 105 1.52 0.07 20.2 86.5 17.3 92.5 29.5 22.4 33.30 5.47 32.10 5.50 11.10 1.00 3.79 0.23 3.51 
OU85906_area5_9 M 62000 18400 70.0 294 16.0 8.5 3900 168 1.43 0.96 15.5 74.0 11.9 66.0 23.2 16.3 31.00 5.30 32.00 6.60 14.80 1.54 8.20 0.68 7.40 
OU85906_area5_10 M 63 25 9.7 92 2.9 <0.14 5570 60 1.86 0.21 19.6 64.4 10.9 50.0 16.1 14.7 16.80 2.69 17.60 2.81 5.40 0.52 2.37 0.15 5.23 
OU85906_area5_11 R <19 <0.82 0.3 55 <1.4 <0.11 4500 63 1.42 <0.095 18.8 66.6 11.2 56.5 16.4 15.2 17.30 2.96 17.90 2.87 5.90 0.52 2.28 0.16 3.98 
OU85906_area5_12 R <11 2 0.5 48 <1 <0.14 5420 92 1.35 0.16 15.4 67.0 10.5 60.0 18.6 12.5 23.20 3.53 22.00 4.15 10.00 0.92 3.73 0.33 3.61 
OU85906_area5_13 R <15 <1.6 0.6 65 <0.56 <0.12 6900 95 1.83 <0.13 12.0 39.1 7.2 37.7 13.7 8.8 20.70 3.53 21.10 4.03 9.60 0.92 4.28 0.35 5.16 
OU85906_area5_14 R 14 2 3.8 59 <1 <0.098 6280 69 1.78 <0.094 10.5 32.7 5.6 27.8 11.3 7.5 14.90 2.68 18.30 3.24 6.65 0.76 3.94 0.28 4.85 
OU85906_area5_15 R 18 11 50.0 73 <1.2 <0.079 4240 66 1.68 0.15 11.9 35.3 5.6 28.9 9.5 5.8 12.20 2.34 14.10 2.51 6.47 0.71 3.36 0.28 3.99 
OU85906_area5_16 R 26 <0.22 1.2 50 <0.99 <0.099 5290 58 1.95 <0.051 13.5 34.2 5.8 27.2 9.3 6.4 13.50 2.24 15.30 3.07 6.34 0.74 3.89 0.33 5.80 
OU85906_area5_17 R 21 1 1.2 51 <1.2 <0.075 5370 64 1.80 0.08 13.2 35.8 5.6 26.9 8.9 5.7 13.00 2.15 13.50 2.81 5.94 0.70 3.30 0.30 6.35 
OU85906_area5_18 R 27 <1.2 1.7 42 <0.69 <0.065 6500 68 2.30 0.12 14.4 43.5 5.8 30.9 10.2 6.1 13.10 2.56 16.50 2.85 6.60 0.72 3.80 0.30 7.00 
OU85906_area5_19 R 65 16 1.4 61 <1.1 <0.14 7700 59 1.86 0.08 11.0 29.9 5.1 24.8 9.0 5.8 10.90 2.27 13.30 2.45 6.31 0.82 3.24 0.33 9.40 
OU85906_area5_20 R <16 <1.1 0.6 50 <1.7 <0.12 6280 104 1.55 <0.15 10.8 49.2 10.9 66.3 25.8 16.2 37.90 7.03 38.40 6.72 12.50 1.05 4.26 0.33 5.14 
OU85906_area5_21 R <22 <0.93 0.6 51 <1.1 <0.076 8200 100 1.90 0.15 14.1 56.5 10.7 58.0 21.9 17.1 30.10 5.08 31.30 5.60 11.70 1.19 4.44 0.35 5.75 
OU85906_area5_22 R <16 <1.7 <0.31 50 <0.99 <0.083 5660 87 1.72 <0.098 22.5 82.5 13.3 65.7 23.2 17.7 27.30 4.15 25.40 4.22 8.30 0.76 2.93 0.22 4.50 
OU85906_area5_23 R <18 1 <0.38 50 <1.6 <0.14 5540 72 1.78 0.09 19.2 75.5 14.5 66.4 21.2 18.0 23.00 3.42 21.60 4.06 8.10 0.65 2.48 0.20 4.68 
OU85906_area6_1 B <17 <0.86 1.0 41 <1.3 <0.087 10400 23 1.71 0.08 8.5 19.6 3.4 15.3 4.3 5.7 5.30 0.81 4.61 0.83 1.68 0.19 1.08 0.10 16.80 
OU85906_area6_2 B 190 84 2.3 64 <0.84 <0.092 11000 27 1.65 <0.055 11.2 25.5 3.3 14.8 4.9 5.8 4.64 0.82 5.47 0.81 1.90 0.26 1.39 0.11 18.60 
OU85906_area6_3 B 23000 6300 8.8 242 8.5 2.8 10900 29 1.65 0.30 11.2 25.6 3.6 16.1 4.5 5.9 4.24 0.77 4.51 0.96 1.95 0.25 1.36 0.13 25.20 
OU85906_area6_4 B 150 14 3.0 81 <0.84 <0.13 10540 43 1.70 0.15 10.6 28.0 4.6 26.2 7.8 5.8 11.00 1.89 10.20 1.68 4.36 0.48 2.14 0.23 18.10 
OU85906_area6_5 B <17 2 2.7 62 <1 <0.097 11900 58 1.82 0.12 10.1 28.6 4.4 21.9 7.2 6.1 10.10 1.82 11.20 2.32 5.53 0.60 3.59 0.31 20.70 
OU85906_area6_6 - <19 5 19.4 69 <0.9 <0.11 8300 57 1.57 0.10 11.2 30.2 4.7 23.2 8.6 6.3 11.40 1.90 14.10 2.49 5.91 0.71 3.85 0.31 14.00 
OU85906_area6_7 - 670 90 15.1 97 <1.2 0.2 6460 82 1.90 0.20 13.7 52.4 9.6 51.3 20.1 9.8 23.50 3.86 22.60 4.43 9.10 0.88 4.06 0.32 5.20 
OU85906_area6_8 - 28 <0.9 0.8 50 <0.95 <0.088 6230 91 1.64 <0.1 12.9 57.8 10.8 54.7 22.6 10.2 26.00 4.28 27.00 4.86 9.90 0.98 4.38 0.31 3.68 
OU85906_area6_9 - <13 2 0.7 57 <1.4 <0.096 5510 81 1.83 0.06 10.9 51.4 11.2 65.0 24.3 11.3 30.30 4.68 27.20 4.35 9.70 0.91 3.51 0.28 3.28 
OU85906_area6_10 - <19 2 0.6 52 <1 <0.13 5190 77 1.73 <0.053 13.1 61.3 11.7 76.7 26.5 14.2 33.60 5.04 25.70 4.28 8.70 0.86 2.80 0.22 3.46 
OU85906_area6_11 - <21 <0.21 0.6 44 0.7 <0.1 5290 81 1.64 <0.091 13.8 57.4 11.8 73.0 26.0 12.7 29.40 4.41 24.40 3.91 8.42 0.76 2.49 0.20 3.07 
OU85906_area6_12 - 31 36 46.0 151 <1.2 <0.072 5420 114 1.73 <0.051 16.2 73.0 13.7 89.0 33.9 15.8 41.80 6.21 34.10 5.96 12.10 1.14 4.53 0.40 3.77 
OU85906_area6_13 - 80 1 8.5 47 2.0 <0.13 7530 593 1.82 0.19 39.4 211.0 37.8 207.0 85.0 53.5 118.00 21.20 131.00 25.50 59.70 6.22 25.40 2.00 11.20 
OU85906_area6_14 - 30 <0.22 10.5 49 0.8 <0.17 12000 204 1.74 <0.094 23.1 85.0 13.8 61.0 22.8 17.8 30.20 5.90 44.00 6.70 18.90 2.50 11.70 0.99 26.10 
OU85906_area6_15 - 33 <0.23 5.4 46 0.8 <0.11 10000 450 1.71 0.12 47.2 186.0 30.8 160.0 46.8 37.8 68.00 12.20 86.00 15.40 38.40 4.31 22.00 1.76 17.20 
OU85906_area6_16 - <19 0 2.2 47 <1.3 <0.12 6000 182 1.90 0.06 47.7 123.0 16.0 68.7 19.7 16.0 26.00 4.53 26.70 5.49 12.50 1.59 8.10 0.62 6.44 
OU85906_area6_17 - 38 1 3.8 45 <0.95 <0.11 8300 242 1.74 <0.12 29.3 98.0 16.1 69.0 28.4 20.6 37.20 6.60 45.10 8.80 20.70 2.34 11.70 0.96 16.30 
Boanerges Peak - Southern Alps 
BNG3Aa_1_1 B 49 3 3.9 117 <2.929 <1.00 1033 112 1.20 0.91 1.0 1.2 0.6 4.7 4.1 1.5 11.31 2.64 20.70 4.75 11.67 0.82 2.52 0.15 21.08 
BNG3Aa_1_2 B <22.201 4 1.0 169 <1.945 <1.00 1173 134 1.43 0.97 0.3 1.6 0.5 5.2 4.5 1.6 14.22 3.55 27.91 6.01 14.01 1.12 3.20 0.20 2.73 
BNG3Aa_1_3 B <15.041 33 1.0 118 <2.288 <1.00 1002 115 1.23 1.96 0.2 1.2 0.4 4.4 3.9 1.4 10.27 2.92 21.90 5.22 11.04 1.05 3.32 0.23 1.77 
BNG3Aa_1_4 B <21.124 1 1.2 119 <2.939 <1.00 1079 116 1.49 0.30 0.2 1.0 0.4 3.2 2.9 1.4 9.80 2.31 20.57 5.33 11.81 0.94 3.86 0.26 0.54 
BNG3Aa_1_5 B <16.229 <1.574 0.9 131 <2.814 <1.00 1127 128 1.35 0.90 0.3 1.7 0.5 3.9 3.6 2.3 10.27 2.54 21.95 5.42 12.96 1.20 3.86 0.27 0.74 
BNG3Aa_1_6 B 24 1 1.6 121 <2.951 <1.00 1067 116 1.07 2.91 0.6 1.5 0.5 4.4 4.4 2.3 10.91 2.54 23.17 4.95 11.15 1.05 3.52 0.23 15.42 
BNG3Aa_1_7 B <18.532 1 0.7 130 <2.464 <1.00 1049 101 1.24 0.45 0.4 1.1 0.4 3.9 3.6 1.6 8.77 2.28 18.13 4.03 9.51 0.78 2.33 0.15 9.56 
BNG3Aa_1_8 B 19 2 1.1 122 <2.596 <1.00 1078 147 1.46 0.65 0.9 1.5 0.6 4.3 4.2 1.6 9.34 2.50 21.41 5.14 13.51 1.03 3.48 0.25 26.38 
BNG3Aa_1_9 B <17.594 1 1.1 123 <2.121 <1.00 1302 217 1.41 0.95 0.6 2.0 0.6 6.0 5.0 2.3 13.57 3.59 30.37 7.75 19.84 1.83 6.22 0.41 10.55 
185 
 
Analysis ID CL Colour NA Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb 
BNG3Aa_1_10 B 27 13 3.6 174 <2.132 0.1 1157 175 1.34 1.03 0.6 1.3 0.4 4.0 3.9 1.8 13.14 3.61 30.87 9.59 22.26 1.95 6.49 0.48 21.55 
BNG3Aa_1_11 B <15.697 <1.259 1.0 90 <2.44 <1.00 1014 134 1.20 0.46 0.5 1.2 0.5 4.5 4.5 2.0 13.44 2.99 24.86 6.97 17.75 1.52 5.18 0.54 8.34 
BNG3Aa_1_12 B <17.634 2 1.6 109 <3.683 <1.00 1210 132 1.56 0.76 0.3 1.7 0.6 4.9 5.2 2.2 15.88 3.41 26.67 6.33 16.57 1.31 3.83 0.33 8.58 
BNG3Aa_1_13 B <19.996 1 1.2 124 <3.109 <1.00 1128 179 1.27 0.85 0.3 2.6 0.8 6.5 6.2 3.5 19.08 3.65 31.56 8.11 19.17 1.56 4.58 0.42 0.88 
BNG3Aa_2_1 B 54 37 103.3 243 <1.961 0.6 1046 135 1.29 0.61 2.4 1.4 0.8 4.8 3.8 2.2 11.38 2.80 23.46 5.62 13.58 1.27 4.26 0.39 65.94 
BNG3Aa_2_2 B 238 52 76.1 508 <5.126 0.6 1064 131 1.53 0.44 2.6 1.6 0.7 5.8 3.6 2.5 10.59 2.49 23.72 5.77 14.28 1.45 4.81 0.37 73.55 
BNG3Aa_2_3 B 28 14 11.3 168 <2.419 <1.00 1044 96 1.10 0.64 1.8 0.9 0.5 3.3 3.4 1.6 8.74 2.10 17.25 4.52 10.47 0.90 2.23 0.22 55.12 
BNG3Aa_2_4 B 161 28 6.1 148 <2.938 0.4 1157 97 1.15 1.21 1.7 1.0 0.5 4.1 3.1 1.4 8.75 2.10 17.50 4.59 11.31 0.94 3.29 0.27 54.75 
BNG3Aa_2_5 B 36 25 2.7 141 <3.114 <1.00 1178 74 1.11 0.84 1.0 0.8 0.4 2.7 1.8 1.1 6.32 1.28 11.95 3.08 7.06 0.63 2.82 0.24 42.82 
BNG3Aa_2_6 B 35 11 7.3 138 <4.399 0.2 1235 79 1.67 0.45 0.8 0.5 0.3 2.3 1.9 0.9 5.95 1.64 14.18 3.43 8.39 0.65 2.34 0.16 29.23 
BNG3Aa_2_7 B 61 1 1.0 101 <2.567 <1.00 1096 32 1.29 0.85 0.1 0.4 0.1 1.0 1.1 0.5 3.45 0.77 6.04 1.41 3.67 0.24 0.74 0.05 0.89 
BNG3Aa_2_8 B 77 1 1.1 141 <2.874 <1.00 1022 60 1.28 0.60 0.1 0.7 0.2 2.5 2.1 1.1 6.19 1.30 11.62 2.79 6.32 0.53 1.73 0.11 0.44 
BNG3Aa_2_9 B 98 6 2.1 195 <2.105 <1.00 1119 122 1.21 1.40 0.7 1.6 0.5 4.7 4.3 2.3 11.68 2.60 23.19 5.14 13.21 1.20 3.97 0.31 20.09 
BNG3Aa_2_10 B 21 <1.00 1.2 124 <2.248 <1.00 1106 96 1.50 0.73 0.4 1.2 0.4 3.8 3.3 1.7 8.96 2.31 19.78 4.17 11.66 1.07 2.93 0.19 12.98 
BNG3Aa_2_11 B 264 24 3.6 165 <2.765 <1.00 1203 108 1.47 0.76 0.5 1.1 0.3 3.5 3.9 1.3 9.47 2.41 20.19 4.54 11.21 0.92 2.76 0.20 15.30 
BNG3Aa_2_12 B 88 19 2.1 105 <3.072 <1.00 1103 93 1.33 0.97 0.8 0.9 0.3 3.3 3.2 1.1 8.24 2.25 16.65 3.71 9.28 0.73 2.46 0.18 31.83 
BNG3Aa_2_13 B <15.303 3 1.4 113 <2.526 <1.00 1242 43 1.49 1.11 0.3 0.5 0.2 1.4 1.4 0.5 3.62 0.85 6.56 1.60 3.83 0.36 1.53 0.09 19.21 
BNG3Aa_2_14 B <16.066 2 1.1 124 <2.223 <1.00 1195 50 1.38 0.57 0.8 0.6 0.3 1.7 1.9 0.6 3.58 0.99 8.39 1.95 4.96 0.44 1.54 0.15 32.77 
BNG3Aa_2_15 B <18.746 1 0.9 124 <3.42 <1.00 1198 32 1.27 0.36 0.1 0.3 0.1 0.7 0.8 0.4 3.03 0.69 6.23 1.53 3.26 0.24 0.90 0.09 6.35 
BNG3Aa_2_16 B 48 15 3.7 196 <4.634 <1.00 1270 33 1.34 0.58 0.2 0.4 0.1 1.0 1.0 0.4 2.57 0.50 5.30 1.19 3.20 0.23 1.14 0.08 5.56 
BNG3Aa_2_17 B <23.111 1 0.8 136 <2.547 <1.00 1479 25 1.45 0.61 0.1 0.2 0.1 0.5 0.8 0.3 1.52 0.42 3.51 0.90 2.11 0.20 0.62 0.09 0.59 
BNG3Aa_2_18 B <16.276 <1.481 0.6 102 <3.227 <1.00 1231 28 1.41 3.32 0.1 0.3 0.1 1.3 0.7 0.6 2.54 0.62 5.15 1.28 2.62 0.34 0.83 0.05 0.38 
BNG3Aa_2_19 B <16.91 13 1.3 124 <2.493 <1.00 1318 20 1.16 0.59 0.1 0.3 0.0 0.6 0.7 0.3 1.46 0.36 3.11 0.77 1.67 0.14 0.72 0.04 0.46 
BNG5Aa_1_1 B <34.291 8 1.1 204 <3.716 0.2 1537 11 1.34 1.14 0.2 1.4 0.2 1.7 0.9 1.0 2.01 0.26 2.31 0.35 0.58 0.04 <1.00 0.01 1.66 
BNG5Aa_1_2 B <18.884 3 <1.00 156 <2.383 <1.00 1557 11 1.20 0.81 0.2 0.9 0.2 1.4 0.7 1.0 1.48 0.30 2.27 0.37 0.66 0.02 0.05 0.00 0.46 
BNG5Aa_1_3 B <17.869 <1.781 <1.00 171 <3.719 <1.00 1609 11 1.29 0.99 0.2 1.2 0.2 1.5 0.6 1.2 1.27 0.22 1.80 0.35 0.56 0.04 0.09 <1.00 2.29 
BNG5Aa_1_4 B <17.529 2 <1.00 155 <3.491 <1.00 1582 13 1.39 0.71 0.4 1.4 0.3 1.9 0.9 1.3 1.61 0.40 2.44 0.36 0.74 0.06 0.08 <1.00 0.67 
BNG5Aa_1_5 B <18.8 1 <1.00 159 3.1 <1.00 1623 10 1.28 1.08 0.4 1.3 0.3 2.0 1.0 1.3 2.15 0.36 2.40 0.37 0.41 0.01 0.06 0.00 2.18 
BNG5Aa_1_6 B <27.046 <1.286 <1.00 163 <3.843 <1.00 1639 11 1.42 1.02 0.7 1.9 0.3 2.0 0.8 1.2 1.29 0.28 1.90 0.31 0.66 0.04 0.05 <1.00 4.54 
BNG5Aa_1_7 B 26 1 <1.00 174 <2.854 <1.00 1655 9 1.43 1.35 0.4 1.2 0.2 1.6 0.3 1.2 1.41 0.21 1.27 0.30 0.47 0.02 0.06 <1.00 1.34 
BNG5Aa_1_8 B <12.547 1 <1.00 153 <3.164 <1.00 1518 8 1.05 0.81 0.9 1.4 0.2 1.1 0.5 1.1 1.01 0.18 1.17 0.22 0.42 0.01 0.06 0.01 0.80 
BNG5Aa_1_9 B <25.736 2 <1.00 157 <2.959 <1.00 1544 8 1.11 0.71 0.1 0.8 0.2 1.3 0.8 1.0 1.51 0.27 1.57 0.21 0.51 0.01 0.05 <1.00 0.24 
BNG5Aa_1_10 B 39 8 <1.00 162 <2.418 <1.00 1530 10 1.32 1.02 0.6 1.1 0.2 1.1 0.6 1.1 0.94 0.28 1.44 0.29 0.56 0.02 0.10 <1.00 0.48 
BNG5Aa_1_11 B <18.641 <1.957 <1.00 147 <3.877 <1.00 1599 9 1.44 1.08 0.9 1.5 0.2 1.3 0.5 1.0 0.94 0.21 1.56 0.26 0.37 0.02 0.08 0.01 0.48 
BNG5Aa_1_12 B <22.093 <3.174 <1.00 150 <3.901 <1.00 1703 6 1.38 1.13 0.5 1.1 0.2 0.7 0.2 0.9 0.53 0.12 0.76 0.15 0.31 0.01 <1.00 <1.00 0.54 
BNG5Aa_1_13 B <20.023 <1.456 <1.00 175 <2.989 <1.00 1541 8 1.31 1.01 0.2 1.0 0.2 1.7 0.9 1.0 1.75 0.30 1.82 0.24 0.43 0.01 0.06 <1.00 0.25 
BNG5Aa_1_14 B <28.224 0 <1.00 155 <2.874 <1.00 1570 8 1.16 0.59 0.2 1.1 0.2 1.4 0.6 0.9 1.40 0.24 1.81 0.26 0.40 0.01 0.03 <1.00 0.33 
BNG5Aa_1_15 B 18 <1.351 <1.00 160 <2.758 <1.00 1681 8 1.29 1.04 <1.00 1.0 0.2 1.6 0.7 1.1 1.07 0.19 1.64 0.25 0.34 0.02 0.04 <1.00 0.41 
BNG5Aa_1_16 B <25.437 <1.853 <1.00 156 <3.956 <1.00 1476 9 1.24 1.26 0.2 1.2 0.3 1.7 0.6 1.2 0.93 0.22 1.82 0.26 0.34 <1.00 0.01 <1.00 0.42 
BNG5Aa_1_17 B <19.612 <1.4 0.2 163 <3.488 <1.00 1499 8 1.27 0.93 0.6 1.5 0.3 1.5 0.7 1.2 1.29 0.22 1.54 0.26 0.40 0.03 0.05 <1.00 1.17 
BNG5Aa_1_18 B 58 10 1.0 178 <3.098 <1.00 1491 9 1.09 0.94 1.8 2.8 0.5 2.6 1.2 1.3 1.99 0.34 1.69 0.27 0.64 0.01 0.03 0.01 3.43 
BNG5Aa_1_19 B <17.774 1 <1.00 177 <3.591 <1.00 1508 7 1.13 1.22 1.9 3.2 0.5 1.8 0.4 1.4 0.98 0.16 1.16 0.15 0.40 0.01 0.04 <1.00 2.17 
BNG5Aa_1_20 B 28 4 <1.00 181 <1.865 <1.00 1613 8 1.84 0.78 1.6 2.7 0.4 2.0 0.5 1.9 1.09 0.17 1.29 0.18 0.33 0.04 0.01 0.00 1.86 
BNG5Aa_1_21 B <21.786 <1.346 <1.00 150 <3.212 <1.00 1480 6 1.01 0.56 0.3 0.9 0.1 0.9 0.3 1.8 0.83 0.13 0.93 0.11 0.30 0.02 0.03 <1.00 0.31 
BNG5Aa_1_22 B <15.277 <1.447 <1.00 160 <2.177 <1.00 1298 5 1.20 0.39 0.1 0.6 0.1 0.8 0.2 1.3 0.93 0.15 0.92 0.16 0.22 0.01 <1.00 <1.00 0.20 
BNG5Aa_1_23 B 34 <1.885 <1.00 176 <2.436 <1.00 1399 6 1.16 0.66 0.1 0.6 0.1 0.6 0.2 1.4 0.51 0.14 0.91 0.15 0.29 0.00 <1.00 0.00 0.40 
BNG5Aa_1_24 B <10.348 1 <1.00 145 <2.29 <1.00 1375 5 1.01 0.66 0.1 0.5 0.1 0.5 0.2 1.4 0.34 0.05 0.72 0.10 0.24 0.01 0.01 0.00 0.17 
BNG5Aa_1_25 B 15 1 <1.00 169 <3.253 <1.00 1436 5 0.96 0.41 0.2 0.5 0.1 0.5 0.2 1.6 0.47 0.11 0.66 0.11 0.08 0.01 0.01 <1.00 0.37 
BNG5Aa_1_26 B <11.654 1 <1.00 158 <3.147 <1.00 1493 5 1.05 0.69 0.1 0.6 0.1 0.6 0.2 1.4 0.35 0.11 0.63 0.12 0.26 0.00 0.05 <1.00 0.80 
BNG5Aa_1_27 B 60 13 10.5 242 <4.535 0.1 1199 6 1.14 1.02 0.6 1.3 0.2 1.2 0.6 1.1 1.30 0.17 0.95 0.20 0.32 0.02 <1.00 <1.00 5.91 
BNG5Aa_1_28 B <20.615 0 0.7 172 <3.125 <1.00 1478 5 1.23 0.33 0.1 0.5 0.1 0.6 0.3 1.5 0.43 0.08 0.72 0.13 0.21 0.00 <1.00 <1.00 0.26 
BNG5Aa_1_29 B 396 5 1.6 167 <4.337 <1.00 1391 4 1.15 0.51 0.2 0.5 0.1 0.5 0.2 1.3 0.25 0.10 0.48 0.12 0.24 <1.00 0.01 <1.00 1.48 
BNG5Aa_1_30 B 144 23 1.4 291 <3.639 1.0 1544 5 1.15 0.58 0.3 0.8 0.1 0.7 0.2 1.7 0.49 0.10 0.80 0.12 0.22 0.00 <1.00 <1.00 2.40 
BNG5Aa_1_31 B 392 10 4.2 215 <3.03 <1.00 1492 7 1.16 1.08 0.2 0.7 0.2 1.0 0.5 1.3 1.17 0.17 1.17 0.26 0.35 0.01 0.03 <1.00 2.34 
BNG5Aa_1_32 B <25.625 2 <1.00 157 <3.806 <1.00 1449 6 0.96 1.50 0.5 1.0 0.2 0.8 0.3 1.8 0.61 0.12 0.99 0.15 0.18 0.02 <1.00 <1.00 2.02 
BNG5Aa_1_33 B <18.34 <1.482 <1.00 167 <4.512 <1.00 1400 6 1.02 0.32 0.1 0.5 0.1 0.7 0.2 1.7 0.67 0.13 0.75 0.14 0.24 0.02 <1.00 <1.00 0.25 
BNG5Aa_1_34 B <18.728 <2.325 <1.00 175 <2.85 <1.00 1412 6 1.08 0.49 0.1 0.6 0.1 0.7 0.2 1.6 0.62 0.10 0.84 0.12 0.26 0.02 0.02 <1.00 0.57 
BNG5Aa_1_35 B <21.484 <1.544 <1.00 171 <2.321 <1.00 1449 6 1.09 0.47 0.1 0.5 0.1 0.6 0.2 1.6 0.56 0.12 0.73 0.12 0.21 0.01 0.02 <1.00 0.20 
BNG5Aa_1_36 B <17.874 <2.343 <1.00 159 <3.479 <1.00 1403 6 1.06 0.59 0.1 0.6 0.1 0.8 0.5 1.5 0.82 0.16 1.05 0.12 0.24 0.02 <1.00 <1.00 0.23 
BNG5Aa_1_37 B <21.525 1 <1.00 151 <2.777 <1.00 1471 6 1.02 0.46 0.2 0.7 0.1 0.7 0.3 1.6 0.66 0.14 0.94 0.13 0.23 0.02 0.04 0.00 0.28 
BNG5Aa_1_38 B <22.001 <1.544 <1.00 135 <3.494 <1.00 1306 5 1.09 0.49 0.1 0.5 0.1 0.7 0.3 1.5 0.76 0.15 0.95 0.22 0.22 0.01 0.03 <1.00 0.17 
BNG5Aa_1_39 B <23.757 <2.029 <1.00 160 <3.772 <1.00 1449 6 0.96 0.73 0.1 0.6 0.1 0.7 0.3 1.6 0.79 0.11 0.72 0.17 0.24 0.01 0.03 <1.00 0.20 
BNG5Aa_1_40 B <14.892 <1.613 <1.00 171 <3.934 <1.00 1473 6 1.21 0.39 0.1 0.5 0.1 0.8 0.4 1.5 0.70 0.14 0.93 0.15 0.19 0.01 0.06 <1.00 0.31 
BNG5Aa_1_41 B <13.2 <1.612 <1.00 156 <4.019 <1.00 1367 7 1.17 0.95 0.2 0.5 0.1 1.0 0.3 1.5 0.61 0.17 0.94 0.16 0.24 0.00 <1.00 <1.00 0.18 
BNG5Aa_1_42 B 91 15 0.5 177 <3.201 <1.00 1335 6 1.43 1.32 0.9 1.5 0.2 0.9 0.2 1.4 0.81 0.12 0.89 0.15 0.23 <1.00 0.01 <1.00 0.98 
BNG5Aa_1_43 B 28 3 <1.00 172 <2.685 <1.00 1306 5 1.00 0.95 0.2 0.5 0.1 0.7 0.2 1.4 0.67 0.12 0.82 0.14 0.15 0.01 0.02 0.00 0.68 
BNG5Aa_1_44 B <21.196 <2.018 <1.00 133 <2.621 0.1 1288 5 0.92 0.46 0.1 0.5 0.1 0.5 0.2 1.3 0.62 0.09 0.83 0.13 0.26 0.01 <1.00 <1.00 0.24 
BNG5Aa_1_45 B 24 <1.518 0.7 146 <2.983 <1.00 1343 5 1.06 0.76 0.2 0.6 0.1 0.5 0.3 1.6 0.52 0.09 0.68 0.12 0.24 0.00 <1.00 <1.00 0.32 
BNG5Aa_1_46 B <21.993 1 <1.00 129 <3.032 <1.00 1290 6 1.04 0.58 0.1 0.5 0.1 0.5 0.3 1.4 0.45 0.13 0.83 0.14 0.14 0.00 <1.00 <1.00 0.38 
BNG5Aa_1_47 B <24.039 <1.624 <1.00 159 <3.56 <1.00 1470 6 1.13 0.60 0.2 0.5 0.1 0.7 0.4 1.9 0.80 0.11 1.02 0.11 0.19 0.00 <1.00 <1.00 0.25 
BNG5Aa_1_48 B <18.923 <3.504 <1.00 135 <2.705 <1.00 1319 5 1.06 0.43 0.2 0.6 0.1 0.5 0.4 1.5 0.53 0.09 0.67 0.14 0.20 0.00 <1.00 <1.00 0.17 
BNG5Aa_1_49 B <16.215 <1.45 <1.00 132 <3.064 <1.00 1341 5 0.96 0.44 0.1 0.6 0.1 0.7 0.2 1.5 0.58 0.12 0.68 0.13 0.14 0.01 0.03 0.00 0.20 
BNG5Aa_1_50 B <14.175 <1.00 <1.00 156 <3.53 <1.00 1431 6 0.93 0.35 0.1 0.6 0.1 0.6 0.3 1.6 0.63 0.12 0.71 0.13 0.22 0.01 <1.00 <1.00 0.18 
BNG5Aa_1_51 B <14.923 <2.297 <1.00 166 <2.783 <1.00 1411 6 1.08 0.60 0.2 0.5 0.1 0.7 0.3 1.7 0.40 0.11 0.86 0.16 0.14 0.00 0.03 <1.00 0.20 
BNG5Aa_1_52 B 16 1 <1.00 165 <2.74 <1.00 1295 6 1.01 0.59 0.4 0.7 0.2 0.7 0.3 1.7 0.75 0.12 0.79 0.13 0.21 <1.00 0.01 <1.00 0.44 
BNG5Aa_1_53 B <21.097 2 <1.00 161 <2.491 <1.00 1485 5 1.15 0.40 0.1 0.5 0.1 0.7 0.4 1.4 0.82 0.14 1.06 0.15 0.15 0.02 <1.00 <1.00 0.21 
BNG5Aa_1_54 B 26 2 <1.00 126 <4.814 <1.00 1317 2 1.10 0.69 0.0 0.2 0.1 0.5 0.3 0.3 0.63 0.07 0.44 0.10 0.10 0.01 0.01 <1.00 0.86 
BNG5Aa_1_55 B 16 <1.646 0.4 169 <2.556 <1.00 1240 3 1.08 0.39 0.1 0.2 0.1 0.7 0.3 0.4 0.82 0.16 0.69 0.10 0.19 <1.00 <1.00 <1.00 0.20 
BNG5Aa_1_56 B <17.962 2 <1.00 148 <3.535 <1.00 1253 2 0.91 0.61 0.1 0.2 0.1 0.7 0.2 0.3 0.93 0.11 0.75 0.07 0.13 0.01 <1.00 <1.00 0.29 
BNG5Aa_1_57 B 25 1 <1.00 162 <3.744 <1.00 1210 5 0.80 0.68 0.9 1.1 0.2 1.0 0.4 1.1 0.71 0.13 0.95 0.11 0.10 0.01 0.01 0.00 0.64 
BNG5Aa_1_58 B <14.896 <2.245 <1.00 138 <3.464 <1.00 1351 6 1.00 0.35 0.3 0.6 0.1 0.7 0.4 1.2 0.58 0.14 0.72 0.11 0.26 0.01 <1.00 <1.00 0.43 
BNG5Aa_1_59 B <18.042 0 <1.00 167 <3.862 <1.00 1386 5 0.87 0.52 0.3 0.5 0.1 0.5 0.1 1.4 0.50 0.10 0.69 0.11 0.10 0.00 0.01 <1.00 0.33 
BNG5Aa_1_60 B 20 <2.094 <1.00 149 <3.025 <1.00 1380 3 1.08 0.71 0.1 0.4 0.1 0.3 0.2 0.6 0.27 0.04 0.58 0.07 0.15 <1.00 <1.00 <1.00 0.42 
BNG5Aa_1_61 B 39 1 <1.00 154 <3.373 <1.00 1442 4 0.99 0.96 0.1 0.3 0.1 0.4 0.2 0.7 0.33 0.06 0.59 0.11 0.23 0.01 <1.00 <1.00 0.47 
BNG5Aa_1_62 B <16.388 <2.066 <1.00 142 <3.36 <1.00 1382 4 0.98 0.64 0.1 0.3 0.0 0.5 0.2 0.6 0.23 0.09 0.47 0.07 0.15 0.01 0.01 0.00 0.32 
186 
Analysis ID CL Colour NA Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb 
BNG5Aa_1_63 B <21.036 <2.126 <1.00 128 <3.581 <1.00 1319 3 0.93 0.41 0.1 0.2 0.1 0.3 0.2 0.7 0.30 0.04 0.41 0.06 0.04 0.00 <1.00 <1.00 0.21 
BNG5Aa_1_64 B <24.416 <1.626 <1.00 148 <2.629 <1.00 1177 3 0.93 0.54 0.1 0.3 0.1 0.3 0.2 0.5 0.36 0.05 0.48 0.06 0.11 <1.00 <1.00 <1.00 0.20 
BNG5Aa_1_65 B <21.476 <2.217 <1.00 151 <2.651 <1.00 1118 1 0.97 0.70 0.0 0.1 0.0 0.3 0.1 0.3 0.28 0.04 0.19 0.04 0.13 <1.00 <1.00 <1.00 0.34 
BNG5Aa_1_66 B <20.872 1 <1.00 145 <2.199 <1.00 1238 1 1.07 0.54 0.6 0.6 0.1 0.4 0.1 0.2 0.23 0.03 0.22 0.03 0.08 <1.00 <1.00 <1.00 0.80 
BNG5Aa_1_67 B <18.977 1 <1.00 184 <2.918 <1.00 1303 1 1.17 0.43 0.6 0.6 0.1 0.6 <1.00 0.2 0.15 0.04 0.25 0.02 0.07 0.01 0.01 <1.00 0.65 
BNG5Aa_1_68 B <13.644 0 <1.00 129 <2.193 <1.00 1169 1 1.05 0.62 0.1 0.2 0.0 0.3 0.1 0.2 0.19 0.05 0.21 0.03 0.03 <1.00 0.01 <1.00 0.48 
BNG5Aa_1_69 B <16.5 2 <1.00 177 <3.55 <1.00 1314 3 1.25 0.75 1.3 1.3 0.3 1.2 0.4 0.5 0.59 0.10 0.67 0.13 0.17 0.02 0.03 <1.00 1.46 
BNG5Aa_1_70 B <15.717 2 <1.00 127 <3.287 <1.00 1218 1 1.06 0.71 0.0 0.1 0.0 0.2 0.0 0.2 0.23 0.02 0.22 <1.00 0.04 0.00 <1.00 0.00 6.87 
BNG5Aa_1_71 B <14.086 <3.775 <1.00 158 <2.94 <1.00 1333 1 1.19 0.62 0.0 <1.00 0.0 0.2 0.2 0.3 0.38 0.03 0.34 0.05 0.09 <1.00 <1.00 <1.00 0.21 
BNG5Aa_1_72 B <14.436 0 <1.00 149 2.4 <1.00 1261 2 1.03 0.46 0.5 0.7 0.1 0.6 0.1 0.4 0.46 0.06 0.32 0.04 0.08 0.00 <1.00 <1.00 0.93 
BNG5Aa_1_73 B <18.584 2 <1.00 143 <2.814 <1.00 1289 2 1.00 0.50 0.0 0.2 0.0 0.3 0.1 0.3 0.31 0.06 0.37 0.05 <1.00 <1.00 <1.00 <1.00 0.34 
BNG5Aa_1_74 B 34 <1.633 0.5 146 <4.177 <1.00 1172 1 1.07 1.07 0.0 0.2 0.1 0.1 0.1 0.3 0.23 0.05 0.23 0.04 0.04 <1.00 <1.00 <1.00 0.88 
BNG5Aa_1_75 B <19.252 <1.7 <1.00 151 <2.563 <1.00 1268 1 0.98 2.84 0.0 0.2 0.0 0.2 0.2 0.3 0.23 0.03 0.27 0.04 0.07 <1.00 <1.00 <1.00 0.80 
BNG5Aa_1_76 B <24.081 2 <1.00 183 <2.251 <1.00 1346 2 1.22 0.67 0.6 0.6 0.1 0.4 0.2 0.4 0.43 0.03 0.46 0.06 0.09 0.00 0.01 <1.00 2.11 
BNG5Aa_1_77 B <23.393 1 <1.00 165 <1.71 <1.00 1276 2 1.27 0.26 0.2 0.2 0.1 0.5 0.0 0.3 0.24 0.06 0.33 0.04 0.05 <1.00 <1.00 <1.00 0.54 
BNG5Aa_1_78 B <16.035 1 <1.00 119 <2.692 <1.00 1118 1 1.09 0.57 0.0 0.1 0.0 0.3 0.1 0.3 0.45 0.03 0.19 0.01 0.06 <1.00 <1.00 <1.00 0.75 
BNG5Aa_1_79 B <17.805 0 <1.00 138 <3.542 <1.00 1113 1 1.17 0.66 0.4 0.4 0.1 0.2 0.0 0.1 0.10 0.02 0.15 0.03 0.05 <1.00 <1.00 <1.00 0.75 
BNG5Aa_1_80 B <29.53 <1.683 <1.00 144 <3.007 <1.00 1316 2 0.95 0.55 0.3 0.4 0.1 0.5 0.1 0.4 0.39 0.06 0.32 0.08 0.09 0.00 <1.00 0.00 0.33 
BNG5Aa_2_1 B 63 3 0.9 151 <2.461 0.1 1280 5 1.29 1.88 0.6 1.1 0.2 0.9 0.4 1.0 0.54 0.13 0.80 0.13 0.15 0.00 0.03 <1.00 3.80 
BNG5Aa_2_2 B <17.286 2 <1.00 141 <3.297 <1.00 1295 6 1.27 0.70 0.6 1.2 0.2 1.3 0.4 1.3 0.62 0.15 0.83 0.13 0.16 0.01 0.02 0.00 1.38 
BNG5Aa_2_3 B <26.475 <1.619 <1.00 147 <3.037 <1.00 1360 6 1.41 0.68 0.2 0.6 0.2 0.7 0.5 1.4 0.50 0.13 0.97 0.13 0.14 0.00 <1.00 <1.00 0.34 
BNG5Aa_2_4 B <15.572 1 <1.00 170 <2.789 0.1 1276 5 1.28 1.01 0.1 0.6 0.1 1.0 0.6 1.0 0.70 0.18 0.92 0.14 0.17 <1.00 <1.00 <1.00 0.96 
BNG5Aa_2_5 B <21.463 2 <1.00 153 <2.016 <1.00 1210 5 1.54 0.75 0.1 0.6 0.2 1.1 0.9 1.2 1.34 0.20 1.37 0.16 0.20 0.01 0.02 <1.00 0.41 
BNG5Aa_2_6 B <21.993 1 <1.00 133 <2.739 <1.00 1189 5 1.28 0.56 0.2 0.7 0.2 1.4 0.7 1.3 1.68 0.19 1.44 0.15 0.14 <1.00 <1.00 <1.00 0.54 
BNG5Aa_2_7 B <21.431 0 <1.00 131 <2.971 <1.00 1287 5 1.36 0.62 0.2 0.8 0.2 1.8 1.1 1.3 1.62 0.28 1.51 0.16 0.15 0.01 <1.00 <1.00 0.21 
BNG5Aa_2_8 B <15.524 3 <1.00 150 <2.927 <1.00 1180 6 1.14 0.40 0.6 1.3 0.3 1.7 1.3 1.4 1.62 0.29 1.65 0.17 0.23 0.01 0.03 0.00 0.29 
BNG5Aa_2_9 B <23.511 <1.00 <1.00 118 <2.351 <1.00 1308 4 1.19 0.79 0.1 0.6 0.1 1.3 0.6 1.0 1.29 0.12 1.05 0.12 0.21 0.00 0.02 <1.00 0.32 
BNG5Aa_2_10 B <24.306 <1.506 <1.00 157 <2.685 <1.00 1313 5 1.25 0.62 0.9 1.3 0.3 1.7 0.6 1.2 1.12 0.22 1.26 0.12 0.22 0.03 0.07 0.01 0.70 
BNG5Aa_2_11 B <20.955 <2.549 <1.00 200 <4.728 <1.00 1351 5 1.27 0.66 0.9 1.3 0.3 1.4 0.6 1.3 1.11 0.13 0.97 0.14 0.25 0.01 0.01 <1.00 0.83 
BNG5Aa_2_12 B 28 <1.667 <1.00 198 <2.78 <1.00 1442 5 1.29 0.67 1.0 1.4 0.3 1.1 0.8 1.1 1.03 0.20 1.14 0.16 0.17 0.02 <1.00 <1.00 0.88 
BNG5Aa_2_13 B <13.315 <2.196 <1.00 144 2.7 <1.00 1336 4 1.24 1.01 0.2 0.7 0.2 1.1 0.4 1.0 0.60 0.14 0.99 0.12 0.15 <1.00 <1.00 <1.00 0.59 
BNG5Aa_2_14 B <16.978 <2.05 <1.00 203 <3.877 <1.00 1235 5 1.45 0.53 1.5 2.1 0.5 2.0 0.8 1.3 1.70 0.20 1.23 0.18 0.23 0.02 <1.00 <1.00 0.88 
BNG5Aa_2_15 B <25.706 <3.476 <1.00 144 <2.302 <1.00 1289 4 1.33 0.91 0.4 1.0 0.3 2.0 0.7 1.2 1.72 0.28 1.20 0.18 0.23 0.00 <1.00 0.00 0.63 
BNG5Aa_2_16 B <24.166 <1.519 <1.00 122 <2.487 <1.00 1302 5 1.32 0.78 0.1 0.7 0.1 1.5 0.8 1.2 1.18 0.23 1.24 0.20 0.29 0.00 <1.00 <1.00 0.93 
BNG5Aa_2_17 B <17.702 1 <1.00 142 <1.611 <1.00 1334 5 1.33 0.51 0.2 0.6 0.2 1.3 0.8 1.0 1.46 0.21 1.01 0.21 0.12 0.01 <1.00 <1.00 0.77 
BNG5Aa_2_18 B <16.333 <1.526 <1.00 135 <2.847 <1.00 1302 3 1.07 0.52 0.1 0.3 0.1 0.7 0.6 0.7 0.78 0.11 0.81 0.12 0.18 <1.00 <1.00 <1.00 0.22 
BNG5Aa_2_19 B <17.434 1 <1.00 144 <4.406 <1.00 1273 3 1.06 0.71 0.1 0.5 0.1 0.8 0.5 0.7 0.93 0.11 0.74 0.10 0.06 0.01 <1.00 <1.00 0.25 
BNG5Aa_2_20 B 39 3 0.4 170 <1.964 <1.00 1316 3 0.93 1.06 1.5 1.6 0.2 1.4 0.3 0.5 0.45 0.08 0.53 0.09 0.07 0.00 0.02 0.01 1.75 
BNG5Aa_2_21 B <13.309 1 <1.00 164 <2.993 <1.00 1389 2 1.16 0.50 0.1 0.2 0.0 0.3 0.2 0.2 0.34 0.08 0.41 0.04 0.08 <1.00 <1.00 <1.00 0.43 
BNG5Aa_2_22 B 28 <1.518 <1.00 146 <3.823 <1.00 1324 1 1.12 0.80 0.0 0.1 0.0 0.2 0.1 0.2 0.32 0.04 0.23 0.06 0.03 <1.00 <1.00 <1.00 0.38 
BNG5Aa_2_23 B <19.946 2 <1.00 134 <4.293 <1.00 1452 3 1.09 0.82 0.1 0.3 0.1 0.5 0.3 0.6 0.68 0.10 0.71 0.06 0.13 0.01 0.02 <1.00 0.51 
BNG5Aa_2_24 B <16.424 0 <1.00 136 <3.347 <1.00 1283 4 0.92 0.75 0.1 0.3 0.2 0.8 0.6 1.0 0.98 0.25 0.98 0.08 0.19 0.01 0.00 <1.00 0.46 
BNG5Aa_2_25 B <20.295 1 <1.00 123 <2.98 <1.00 1447 5 0.95 0.59 0.2 0.6 0.2 1.3 0.5 1.5 1.18 0.31 1.58 0.14 0.17 0.00 <1.00 0.00 0.61 
BNG5Aa_2_26 B <24.342 <1.425 <1.00 156 <3.499 <1.00 1415 5 0.97 0.70 1.4 1.5 0.3 1.5 0.5 1.5 1.48 0.40 1.04 0.14 0.18 0.01 0.01 0.26 4.28 
BNG5Aa_2_27 B <25.519 21 2.5 197 <2.835 <1.00 1632 5 1.05 <1.00 1.0 1.3 0.3 1.5 0.5 1.7 1.28 0.18 1.25 0.20 0.21 0.03 0.03 0.02 2.53 
BNG5Aa_2_28 B <20.235 2 <1.00 139 <3.561 <1.00 1691 4 1.17 0.74 0.4 0.8 0.2 1.2 0.5 1.2 0.84 0.18 1.08 0.14 0.08 0.00 0.01 <1.00 0.92 
BNG5Aa_2_29 B <22.791 3 <1.00 132 <3.131 <1.00 1691 4 1.06 0.66 0.4 0.6 0.2 0.9 0.3 1.3 1.16 0.16 0.80 0.11 0.20 0.01 0.02 0.00 0.56 
BNG5Aa_2_30 B 80 8 1.6 158 <2.716 <1.00 1257 3 1.07 0.95 0.4 0.5 0.1 0.7 0.3 0.9 0.63 0.12 0.84 0.11 0.12 0.01 0.03 <1.00 0.78 
BNG5Aa_2_31 B 87 5 1.8 228 <4.605 0.2 1421 0 1.06 2.27 0.0 0.4 0.0 0.2 0.1 0.1 0.35 0.12 0.22 0.02 0.02 0.00 0.01 <1.00 0.42 
BNG5Aa_2_32 B 25 3 0.5 129 <3.24 <1.00 1520 0 0.99 0.93 0.0 0.1 0.0 0.2 0.1 0.1 0.28 0.04 0.22 0.03 0.04 0.00 <1.00 <1.00 0.28 
BNG5Aa_2_33 B 25 <1.481 0.8 157 <3.314 <1.00 1444 1 1.13 0.51 0.1 0.1 0.0 0.3 0.1 0.2 0.34 0.06 0.27 0.05 0.01 0.02 <1.00 <1.00 1.68 
BNG5Aa_2_34 B <24.19 <1.492 <1.00 152 <4.037 <1.00 1562 1 1.09 0.76 0.3 0.3 0.0 0.2 0.0 0.2 0.26 0.07 0.22 0.05 0.02 <1.00 0.01 0.00 0.50 
BNG5Aa_2_35 B <28.057 38 52.7 587 <3.658 <1.00 1275 3 1.05 0.69 1.7 0.9 0.2 0.9 0.2 0.4 0.35 0.08 0.52 0.10 0.15 0.01 0.05 <1.00 0.86 
BNG5Aa_2_36 B <23.099 <1.351 0.6 140 <2.524 <1.00 1265 2 1.11 0.70 1.1 0.7 0.1 0.5 0.2 0.4 0.58 0.06 0.36 0.06 0.06 0.01 <1.00 <1.00 0.78 
BNG5Aa_2_37 B 24 1 <1.00 144 <3.889 <1.00 1379 1 1.20 1.35 0.1 0.3 0.0 0.5 0.1 0.3 0.31 0.07 0.33 0.03 0.03 <1.00 0.03 <1.00 1.01 
BNG5Aa_2_38 B <16.914 <1.399 <1.00 143 <2.563 <1.00 1292 1 1.09 0.70 0.0 0.1 0.0 0.4 0.1 0.3 0.21 0.06 0.23 0.06 0.06 <1.00 0.01 <1.00 0.51 
BNG5Aa_2_39 B <24.576 <2.197 <1.00 144 <3.564 <1.00 1292 1 1.13 1.43 0.1 0.2 0.1 0.4 0.1 0.4 0.40 0.07 0.26 0.03 0.04 <1.00 <1.00 <1.00 1.05 
BNG5Aa_2_40 B <21.991 2 <1.00 165 <3.425 <1.00 1426 1 1.09 0.72 0.0 0.2 0.1 0.4 0.2 0.3 0.34 0.05 0.27 0.03 0.01 <1.00 <1.00 <1.00 0.61 
BNG5Aa_2_41 B <12.314 <2.016 <1.00 143 <2.902 <1.00 1451 1 1.13 0.65 0.0 0.2 0.0 0.3 0.2 0.2 0.26 0.04 0.24 0.01 0.04 <1.00 <1.00 <1.00 0.31 
BNG5Aa_2_42 B <18.155 2 <1.00 136 <3.437 <1.00 1549 1 1.13 1.00 0.0 0.1 0.0 0.2 0.1 0.2 0.28 0.04 0.17 0.01 0.02 <1.00 <1.00 <1.00 0.51 
BNG5Aa_2_43 B <18.971 5 1.5 168 <3.196 <1.00 1481 1 1.35 0.62 0.5 0.5 0.1 0.6 0.2 0.3 0.58 0.06 0.39 0.05 0.02 <1.00 <1.00 <1.00 1.70 
BNG5Aa_2_44 B <19.361 2 0.5 246 <3.806 <1.00 1599 2 1.41 0.79 0.7 0.7 0.1 0.6 0.3 0.4 0.47 0.13 0.57 0.08 0.07 <1.00 <1.00 <1.00 2.22 
BNG5Aa_2_45 B <18.727 1 <1.00 132 <2.666 <1.00 1457 2 1.61 0.59 0.1 0.2 0.1 0.7 0.5 0.5 0.68 0.10 0.67 0.10 0.07 0.00 0.00 <1.00 0.66 
BNG5Aa_2_46 B <13.846 1 <1.00 148 <2.696 <1.00 1430 2 1.93 0.88 0.0 0.2 0.1 0.6 0.3 0.6 0.55 0.11 0.68 0.07 0.06 <1.00 <1.00 <1.00 0.45 
BNG5Aa_2_47 B <23.958 1 <1.00 153 <2.895 <1.00 1537 2 2.37 0.65 0.2 0.4 0.1 0.7 0.4 0.4 0.48 0.12 0.48 0.08 0.06 0.00 <1.00 0.01 0.72 
BNG5Aa_2_48 B <20.012 <1.00 <1.00 150 <2.55 <1.00 1503 1 2.04 0.42 0.0 0.2 0.1 0.5 0.3 0.3 0.34 0.07 0.35 0.05 0.05 <1.00 <1.00 <1.00 0.17 
BNG5Aa_2_49 B <7.8 <1.00 <1.00 137 <4.166 <1.00 1515 1 2.29 0.69 0.0 0.1 0.1 0.4 0.2 0.3 0.76 0.09 0.44 0.07 0.09 <1.00 <1.00 <1.00 0.22 
BNG5Aa_2_50 B <24.164 0 <1.00 144 <2.703 <1.00 1515 1 2.27 0.52 0.2 0.3 0.1 0.4 0.3 0.3 0.54 0.07 0.48 0.07 0.11 <1.00 0.01 <1.00 0.59 
BNG5Aa_2_51 B <19.361 0 <1.00 134 <4.436 <1.00 1563 2 2.09 1.25 0.0 0.2 0.1 0.4 0.4 0.3 0.83 0.12 0.51 0.06 0.15 <1.00 0.03 <1.00 0.25 
BNG5Aa_2_52 B <24.624 <1.689 <1.00 129 <4.391 <1.00 1562 2 1.86 0.81 1.2 0.6 0.1 0.7 0.4 0.3 0.77 0.12 0.65 0.12 0.19 0.01 0.01 <1.00 0.33 
BNG5Aa_2_53 B 42 1 <1.00 127 <4.095 <1.00 1526 2 2.34 0.62 0.1 0.2 0.1 0.6 0.4 0.4 0.57 0.12 0.51 0.08 0.12 <1.00 0.01 0.00 0.36 
BNG5Aa_2_54 B <27.319 <1.599 <1.00 134 <4.374 <1.00 1538 2 2.17 0.46 0.0 0.2 0.1 0.5 0.4 0.3 0.65 0.07 0.54 0.08 0.08 0.00 <1.00 <1.00 0.29 
BNG5Aa_2_55 B <17.468 2 <1.00 138 <2.782 <1.00 1390 3 1.98 0.38 0.2 0.4 0.1 0.8 0.6 0.5 0.99 0.10 0.65 0.11 0.11 0.01 0.04 <1.00 0.65 
BNG5Aa_2_56 B <26.739 <4.482 <1.00 152 <2.921 <1.00 1574 1 2.25 0.65 0.0 0.1 0.1 0.6 0.3 0.4 0.72 0.10 0.57 0.06 0.09 <1.00 <1.00 <1.00 0.19 
BNG5Aa_3_1 B 48 3 1.8 149 <5.685 <1.00 1651 6 1.11 2.00 0.3 1.4 0.3 1.7 0.6 1.3 1.19 0.19 1.47 0.21 0.28 0.02 0.05 0.00 2.43 
BNG5Aa_3_2 B 67 3 <1.00 137 <5.664 <1.00 1693 6 1.60 0.73 0.4 1.5 0.3 1.7 0.7 1.1 1.37 0.17 1.07 0.18 0.35 0.04 <1.00 <1.00 0.53 
BNG5Aa_3_3 B <21.266 1 <1.00 138 <2.664 <1.00 1444 5 1.35 0.56 0.3 0.9 0.2 1.1 0.5 0.9 0.62 0.16 0.94 0.12 0.24 0.01 <1.00 0.01 0.32 
BNG5Aa_3_4 B <16.593 <1.545 <1.00 146 <2.693 <1.00 1593 5 1.16 0.86 0.3 1.0 0.2 1.4 0.5 1.1 0.40 0.12 0.94 0.16 0.25 0.00 0.03 <1.00 0.44 
BNG5Aa_3_5 B <27.735 <1.653 <1.00 135 <3.416 <1.00 1481 5 1.41 0.73 0.4 1.1 0.2 1.2 0.7 1.0 0.71 0.12 0.66 0.17 0.25 0.01 0.06 0.01 0.67 
BNG5Aa_3_6 B <14.529 4 <1.00 131 <4.877 <1.00 1565 6 1.58 1.06 0.4 1.1 0.2 1.1 0.4 0.9 0.70 0.12 0.88 0.16 0.26 0.01 0.07 0.00 0.46 
BNG5Aa_3_7 B <19.283 <2.183 <1.00 148 <3.949 <1.00 1571 6 1.41 0.70 0.4 1.3 0.2 1.0 0.3 1.0 0.72 0.11 0.71 0.14 0.28 0.01 0.04 <1.00 0.47 
BNG5Aa_3_8 B <26.017 1 <1.00 135 <4.333 <1.00 1551 6 1.43 1.65 0.6 1.5 0.3 1.2 0.6 0.9 0.66 0.16 0.98 0.13 0.20 0.03 0.03 <1.00 1.24 
BNG5Aa_3_9 B <25.691 1 <1.00 153 <4.254 <1.00 1475 5 1.60 1.08 0.5 0.9 0.2 1.1 0.4 0.9 0.65 0.11 0.93 0.14 0.20 0.00 0.04 <1.00 0.62 
BNG5Aa_3_10 B <21.97 <2.213 <1.00 149 <3.226 <1.00 1492 4 1.25 1.03 0.3 0.8 0.1 0.7 0.5 0.7 0.47 0.14 0.76 0.08 0.12 0.01 <1.00 <1.00 0.27 
BNG5Aa_3_11 B <23.82 <1.511 <1.00 141 <3.19 <1.00 1597 5 1.40 1.06 0.5 1.0 0.1 0.8 0.3 0.9 0.59 0.09 0.76 0.09 0.22 0.01 0.01 <1.00 0.40 
BNG5Aa_3_12 B <18.697 0 <1.00 155 <3.667 <1.00 1742 4 1.40 0.98 0.3 0.9 0.2 0.9 0.4 0.9 0.67 0.13 0.64 0.12 0.20 0.01 0.02 0.00 0.48 
BNG5Aa_3_13 B <21.191 <3.206 0.8 153 <2.666 <1.00 1580 4 1.48 1.11 1.6 2.7 0.5 2.2 0.6 0.8 0.76 0.11 0.98 0.15 0.22 0.01 0.02 0.00 1.30 
187 
 
Analysis ID CL Colour NA Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb 
BNG5Aa_3_14 B <27.008 <1.00 <1.00 141 <4.888 <1.00 1554 4 1.30 0.74 0.2 0.8 0.2 1.5 0.4 0.7 0.90 0.19 0.86 0.12 0.15 0.00 <1.00 <1.00 0.63 
BNG5Aa_3_15 B <28.512 2 <1.00 128 <5.142 <1.00 1541 3 1.68 1.15 0.1 0.5 0.1 1.2 0.6 0.5 0.74 0.19 0.80 0.10 0.20 <1.00 0.02 <1.00 1.01 
BNG5Aa_3_16 B <30.814 <2.319 <1.00 137 <2.511 <1.00 1481 3 1.69 1.04 0.1 0.4 0.1 0.9 0.6 0.6 0.62 0.16 0.79 0.10 0.07 0.01 <1.00 <1.00 0.79 
BNG5Aa_3_17 B 22 1 <1.00 142 <3.17 <1.00 1456 3 1.99 0.43 0.1 0.5 0.1 1.1 0.7 0.5 0.70 0.14 0.81 0.14 0.07 0.02 <1.00 <1.00 0.32 
BNG5Aa_3_18 B <17.287 <1.724 <1.00 141 <4.474 <1.00 1581 4 2.41 0.50 0.2 0.5 0.1 0.8 0.4 0.7 0.82 0.17 1.01 0.17 0.17 0.02 <1.00 <1.00 0.30 
BNG5Aa_3_19 B <17.334 0 <1.00 107 <3.907 <1.00 1581 4 3.24 1.09 0.3 0.5 0.1 0.9 0.5 0.5 0.90 0.17 0.99 0.16 0.18 <1.00 <1.00 <1.00 0.31 
BNG5Aa_3_20 B <22.341 <1.516 <1.00 134 <4.415 <1.00 1564 3 2.62 0.52 0.1 0.3 0.1 0.8 0.4 0.6 0.76 0.17 0.77 0.17 0.21 0.00 <1.00 0.00 0.13 
BNG5Aa_3_21 B <17.505 1 <1.00 123 <3.672 <1.00 1711 4 1.25 0.67 0.1 0.5 0.2 1.0 0.6 0.8 0.66 0.13 1.11 0.12 0.12 <1.00 <1.00 <1.00 0.28 
BNG5Aa_3_22 B 22 3 0.4 175 <4.123 <1.00 1559 4 1.22 1.12 1.8 2.8 0.5 2.1 0.8 1.0 0.88 0.14 1.01 0.14 0.25 0.01 0.07 <1.00 2.64 
BNG5Aa_3_23 B <30.06 <1.707 <1.00 141 <3.664 <1.00 1498 4 1.22 0.32 1.2 1.8 0.4 1.8 0.6 0.7 0.60 0.15 0.88 0.14 0.19 <1.00 0.04 <1.00 0.57 
BNG5Aa_3_24 B <17.303 <3.393 0.3 152 <3.708 <1.00 1573 4 1.10 0.67 0.2 0.6 0.1 0.7 0.5 0.8 0.80 0.13 0.87 0.11 0.20 <1.00 <1.00 <1.00 0.36 
BNG5Aa_3_25 B <17.379 <1.471 <1.00 140 <1.955 <1.00 1389 3 1.16 0.77 0.2 0.5 0.2 0.9 0.6 0.7 0.57 0.10 0.59 0.11 0.05 <1.00 <1.00 <1.00 0.52 
BNG5Aa_3_26 B <31.528 <1.825 <1.00 144 <2.713 <1.00 1559 3 1.22 0.37 0.1 0.4 0.1 0.9 0.2 0.8 0.55 0.14 0.75 0.10 0.07 <1.00 0.04 <1.00 0.24 
BNG5Aa_3_27 B <25.906 <2.084 <1.00 125 <3.153 <1.00 1458 3 1.14 0.74 0.1 0.4 0.1 0.6 0.3 0.7 1.04 0.09 0.69 0.09 0.12 0.00 0.00 <1.00 0.24 
BNG5Aa_3_28 B <13.15 0 <1.00 108 <2.488 <1.00 1429 2 1.13 0.35 0.1 0.4 0.1 0.6 0.3 0.6 0.58 0.11 0.57 0.06 0.15 <1.00 <1.00 0.01 0.42 
BNG5Aa_3_29 B <15.648 <1.726 <1.00 140 <1.928 <1.00 1436 2 1.19 1.08 0.1 0.3 0.1 0.5 0.2 0.6 0.41 0.10 0.57 0.10 0.15 <1.00 <1.00 <1.00 0.36 
BNG5Aa_3_30 B <15.989 1 <1.00 142 <4.855 <1.00 1353 2 1.11 0.44 0.0 0.4 0.1 0.4 0.2 0.6 0.52 0.07 0.64 0.07 0.02 0.01 <1.00 <1.00 0.30 
BNG5Aa_3_31 B <20.276 <2.103 <1.00 117 <3.438 <1.00 1371 3 1.04 0.68 0.1 0.3 0.1 0.6 0.2 0.5 0.79 0.08 0.55 0.06 0.14 0.00 <1.00 <1.00 0.60 
BNG5Aa_3_32 B <20.087 <1.00 <1.00 158 <5.15 <1.00 1393 3 1.19 0.91 0.1 0.4 0.1 0.7 0.5 0.7 0.64 0.12 0.76 0.06 0.08 <1.00 <1.00 <1.00 0.55 
BNG5Aa_3_33 B 26 1 <1.00 130 <3.006 <1.00 1336 2 0.97 0.57 0.1 0.3 0.1 0.6 0.4 0.5 0.39 0.11 0.53 0.05 0.13 0.01 0.01 <1.00 0.94 
BNG5Aa_3_34 B <24.542 4 <1.00 157 <2.57 <1.00 1469 2 1.09 0.51 0.0 0.3 0.1 0.4 0.3 0.4 0.41 0.08 0.43 0.06 0.08 <1.00 <1.00 <1.00 0.45 
BNG5Aa_3_35 B <24.89 <1.633 <1.00 128 <1.811 <1.00 1354 2 1.19 0.87 0.0 0.3 0.1 0.5 0.3 0.4 0.58 0.11 0.54 0.07 0.11 <1.00 <1.00 <1.00 0.63 
BNG5Aa_3_36 B <23.087 <1.88 <1.00 128 <3.553 <1.00 1430 2 0.89 0.80 0.0 0.3 0.1 0.6 0.3 0.5 0.56 0.08 0.58 0.08 0.10 <1.00 <1.00 <1.00 0.21 
BNG5Aa_3_37 B <20.103 <1.68 <1.00 118 <3.152 <1.00 1400 2 1.12 0.75 0.1 0.4 0.1 0.8 0.4 0.6 0.54 0.09 0.47 0.04 0.13 0.00 <1.00 <1.00 0.32 
BNG5Aa_3_38 B 62 <1.752 <1.00 128 <2.882 <1.00 1341 2 1.16 1.43 0.1 0.4 0.1 0.8 0.3 0.7 0.87 0.10 0.60 0.10 0.12 <1.00 <1.00 <1.00 0.75 
BNG5Aa_3_39 B <20.437 0 <1.00 132 <3.059 <1.00 1391 4 1.10 0.40 0.1 0.5 0.2 1.2 0.6 0.9 1.74 0.23 1.22 0.13 0.16 0.01 <1.00 <1.00 0.26 
BNG5Aa_3_40 B <18.002 2 <1.00 164 <1.524 <1.00 1310 3 1.14 1.32 0.5 1.1 0.2 1.5 0.5 0.7 0.98 0.21 0.94 0.08 0.09 0.00 <1.00 <1.00 1.06 
BNG5Aa_3_41 B <27.599 2 0.3 130 <3.134 <1.00 1322 2 1.14 0.47 0.3 0.6 0.1 1.0 0.4 0.7 0.90 0.16 0.74 0.10 0.06 0.01 <1.00 <1.00 0.40 
BNG5Aa_3_42 B <19.528 <2.423 <1.00 130 <2.749 <1.00 1336 2 0.91 0.62 0.0 0.3 0.1 0.7 0.5 0.7 0.62 0.09 0.73 0.12 0.06 <1.00 0.01 <1.00 0.32 
BNG5Aa_3_43 B <20.414 1 <1.00 139 <3.161 <1.00 1364 2 1.23 0.32 0.1 0.4 0.1 1.1 0.5 0.7 0.84 0.16 0.68 0.08 0.08 <1.00 <1.00 <1.00 0.23 
BNG5Aa_3_44 B <23.395 <1.607 <1.00 122 <2.279 <1.00 1368 2 1.11 0.91 0.3 0.5 0.1 0.9 0.6 0.5 0.78 0.13 0.82 0.13 0.15 <1.00 <1.00 <1.00 0.55 
BNG5Aa_3_45 B <18.739 1 <1.00 141 <3.486 <1.00 1269 2 1.13 1.49 0.1 0.3 0.1 0.6 0.4 0.5 0.49 0.06 0.55 0.07 0.13 <1.00 <1.00 <1.00 0.61 
BNG5Aa_3_46 B <15.36 <1.724 <1.00 132 <4.447 <1.00 1310 1 0.98 0.65 0.1 0.3 0.1 0.8 0.3 0.4 0.42 0.09 0.54 0.07 0.11 <1.00 <1.00 <1.00 0.49 
BNG5Aa_3_47 B <19.603 <3.193 <1.00 132 <3.583 <1.00 1224 2 1.18 0.78 0.1 0.3 0.1 0.5 0.3 0.6 0.92 0.09 0.96 0.06 0.10 <1.00 <1.00 <1.00 0.40 
BNG5Aa_3_48 B <16.668 <1.665 <1.00 130 <4.25 <1.00 1259 3 1.25 0.43 0.1 0.3 0.1 1.0 0.3 0.5 0.78 0.10 0.83 0.10 0.15 <1.00 <1.00 <1.00 0.24 
BNG5Aa_3_49 B <13.823 <1.00 <1.00 140 <4.062 <1.00 1386 2 1.17 0.49 0.1 0.3 0.1 0.4 0.3 0.4 0.58 0.09 0.58 0.07 0.11 <1.00 <1.00 <1.00 0.25 
BNG5Aa_3_50 B <14.717 <1.644 <1.00 140 <2.835 <1.00 1321 1 0.89 0.62 0.1 0.2 0.0 0.6 0.2 0.2 0.39 0.07 0.34 0.05 <1.00 <1.00 0.01 <1.00 0.77 
BNG5Aa_3_51 B 38 <1.733 <1.00 125 <3.207 <1.00 1301 2 1.20 0.52 0.1 0.3 0.1 0.6 0.3 0.5 0.46 0.12 0.49 0.05 0.06 <1.00 <1.00 <1.00 0.48 
BNG5Aa_3_52 B <26.475 <2.406 <1.00 112 <3.062 <1.00 1362 1 1.13 0.36 0.0 0.3 0.1 0.5 0.4 0.4 0.51 0.09 0.42 0.05 0.06 <1.00 <1.00 <1.00 0.19 
BNG5Aa_3_53 B 63 <2.179 <1.00 130 <3.957 <1.00 1282 2 1.26 0.58 0.0 0.3 0.1 0.7 0.3 0.4 0.70 0.08 0.47 0.04 0.07 <1.00 <1.00 <1.00 0.37 
BNG5Aa_3_54 B <26.642 <2.518 <1.00 119 <3.497 <1.00 1296 1 1.24 0.94 0.0 0.3 0.1 1.0 0.4 0.4 0.59 0.10 0.53 0.05 0.05 0.01 <1.00 <1.00 0.38 
BNG5Aa_3_55 B 37 0 <1.00 140 <4.469 <1.00 1221 2 0.99 1.04 0.7 1.3 0.2 1.4 0.6 0.4 0.90 0.16 0.66 0.10 0.11 <1.00 0.04 <1.00 0.86 
BNG5Aa_3_56 B <15.183 1 <1.00 114 <3.537 <1.00 1251 2 1.30 0.97 0.1 0.2 0.1 0.4 0.3 0.3 0.63 0.13 0.74 0.08 0.08 <1.00 <1.00 <1.00 0.64 
BNG5Aa_3_57 B <20.127 1 <1.00 135 <3.346 <1.00 1272 1 1.15 0.47 0.0 0.2 0.0 0.4 0.4 0.2 0.16 0.06 0.28 0.03 0.03 <1.00 <1.00 <1.00 0.50 
BNG5Aa_3_58 B <20.901 <3.465 <1.00 132 <3.348 <1.00 1355 0 1.05 0.47 0.0 0.1 0.0 0.1 <1.00 0.1 0.27 0.04 0.12 0.02 <1.00 <1.00 <1.00 <1.00 0.22 
BNG5Aa_3_59 B <19.395 <1.834 <1.00 137 <3.15 <1.00 1297 1 0.93 0.93 0.0 0.1 0.1 0.3 0.1 0.3 0.27 0.05 0.24 0.05 0.04 <1.00 <1.00 <1.00 0.63 
BNG5Aa_3_60 B <26.778 0 <1.00 116 <3.383 <1.00 1212 0 1.33 0.78 0.0 0.1 0.0 0.2 0.1 0.2 0.19 0.04 0.06 0.02 0.02 <1.00 <1.00 <1.00 0.35 
BNG5Aa_3_61 B <28.992 <2.411 <1.00 123 <3.825 <1.00 1223 1 1.13 0.71 0.9 0.9 0.2 0.6 <1.00 0.3 0.51 0.06 0.47 0.04 0.05 <1.00 0.03 <1.00 0.24 
BNG5Aa_3_62 B <17.385 0 <1.00 126 <2.208 <1.00 1166 1 0.98 0.43 0.0 0.1 0.0 0.3 0.2 0.2 0.19 0.04 0.19 0.01 0.04 <1.00 <1.00 <1.00 0.45 
BNG5Aa_3_63 B <18.5 <1.743 <1.00 120 <2.799 <1.00 1133 1 1.00 0.70 0.2 0.3 0.1 0.4 0.1 0.2 0.32 0.03 0.32 0.04 <1.00 0.01 <1.00 <1.00 0.33 
BNG5Aa_3_64 B <28.476 1 <1.00 118 <3.493 <1.00 1266 1 1.20 1.61 1.1 1.1 0.2 0.5 0.1 0.2 0.30 0.06 0.28 0.03 0.09 <1.00 0.01 <1.00 0.85 
BNG5Aa_3_65 B <19.72 2 <1.00 120 <3.114 <1.00 1161 1 1.13 0.42 0.0 0.1 0.0 0.2 <1.00 0.1 0.18 0.04 0.16 0.01 0.01 <1.00 <1.00 <1.00 0.41 
BNG5Aa_3_66 B <26.594 <2.421 <1.00 135 <5.172 <1.00 1297 1 1.24 0.87 0.5 0.6 0.1 0.6 0.2 0.2 0.44 0.07 0.28 0.04 0.02 <1.00 <1.00 <1.00 0.35 
BNG5Aa_3_67 B <19.791 1 <1.00 115 <1.816 <1.00 1186 1 1.02 1.93 0.0 0.2 0.1 0.5 0.6 0.2 1.18 0.16 0.81 0.08 0.08 <1.00 0.02 0.00 0.60 
BNG5Aa_3_68 B <18.408 1 <1.00 135 <3.454 <1.00 1222 3 1.08 0.50 0.0 0.3 0.1 0.9 0.5 0.4 1.37 0.15 1.10 0.14 0.14 <1.00 <1.00 <1.00 0.20 
BNG5Aa_3_69 B <21.305 1 <1.00 117 <3.009 <1.00 1313 2 1.12 0.73 0.0 0.2 0.1 0.4 0.2 0.2 0.94 0.09 0.64 0.10 0.07 <1.00 0.01 0.00 0.23 
BNG5Aa_3_70 B <26.569 <1.734 <1.00 130 <4.313 <1.00 1257 2 1.06 0.33 0.0 0.2 0.1 0.4 0.4 0.2 0.74 0.13 0.55 0.08 0.08 0.01 <1.00 <1.00 0.54 
BNG5Aa_3_71 B <16.344 2 <1.00 134 <4.139 <1.00 1339 2 1.19 0.64 0.0 0.2 0.0 0.5 0.3 0.3 0.69 0.10 0.62 0.09 0.10 0.01 <1.00 <1.00 0.24 
BNG5Aa_3_72 B <20.926 1 <1.00 118 <3.282 <1.00 1309 2 1.12 0.52 0.0 0.1 0.0 0.7 0.3 0.2 0.53 0.09 0.58 0.07 0.08 0.01 <1.00 <1.00 0.35 
BNG5Aa_3_73 B <18.418 <1.738 <1.00 113 <3.015 <1.00 1395 2 1.25 0.90 0.0 0.2 0.1 0.9 0.4 0.2 0.67 0.11 0.60 0.07 0.04 <1.00 0.01 <1.00 0.39 
BNG5Aa_3_74 B <14.594 2 <1.00 120 <2.862 <1.00 1249 3 1.08 0.78 0.1 0.4 0.1 0.9 0.4 0.4 0.95 0.19 0.72 0.07 0.17 0.01 <1.00 <1.00 0.32 
BNG6Aa_1_1 B <15.098 0 0.4 124 <2.375 <1.00 1383 35 1.34 0.77 0.1 0.5 0.1 0.8 0.5 3.1 0.85 0.28 3.06 0.90 3.18 0.44 2.21 0.24 0.39 
BNG6Aa_1_2 B <12.879 <1.2 0.3 90 <1.466 <1.00 1235 31 1.33 0.42 0.1 0.5 0.1 0.6 0.6 2.6 1.03 0.26 2.86 0.82 3.25 0.40 2.02 0.18 0.44 
BNG6Aa_1_3 B <17.368 <1.24 1.8 132 <2.101 <1.00 1098 31 1.26 0.81 1.1 1.5 0.2 1.6 0.5 1.5 1.19 0.29 3.00 0.98 3.12 0.36 1.98 0.21 0.48 
BNG6Aa_1_4 B <16.255 <2.367 0.7 123 <1.502 <1.00 1060 30 1.18 0.56 0.6 0.7 0.2 1.2 0.4 1.3 1.66 0.32 3.48 1.03 3.49 0.36 1.61 0.14 0.42 
BNG6Aa_1_5 B <11.136 0 0.5 118 <2.068 <1.00 1443 39 1.30 0.69 0.1 0.5 0.1 1.2 0.8 2.9 1.56 0.41 4.30 1.31 3.92 0.50 2.55 0.21 0.38 
BNG6Aa_1_6 B <13.666 <1.285 0.6 123 <2.138 <1.00 1312 40 1.37 0.69 0.1 0.5 0.1 0.9 0.4 2.5 1.45 0.35 4.25 1.13 4.14 0.55 2.63 0.17 0.37 
BNG6Aa_1_7 B <14.495 <1.292 0.5 126 <2.196 <1.00 1275 44 1.33 0.56 0.1 0.5 0.2 1.0 0.9 2.7 1.59 0.42 4.80 1.50 4.57 0.52 2.32 0.21 0.39 
BNG6Aa_1_8 B <9.507 0 0.3 127 <1.913 <1.00 1275 47 1.19 0.84 0.1 0.5 0.1 1.3 0.9 2.5 2.20 0.49 5.62 1.70 5.04 0.55 2.17 0.25 0.33 
BNG6Aa_1_9 B <18.772 <1.839 0.5 129 <2.658 <1.00 1324 22 1.26 0.57 0.1 0.3 0.1 0.5 0.5 1.5 1.09 0.18 2.60 0.70 2.14 0.31 1.50 0.10 0.36 
BNG6Aa_1_10 B <9.387 <2.448 1.1 115 <1.54 <1.00 1023 19 0.99 0.80 0.3 0.4 0.1 0.7 0.3 0.6 0.71 0.15 1.52 0.49 1.75 0.19 0.94 0.09 0.33 
BNG6Aa_1_11 B <15.223 1 1.9 102 <2.553 <1.00 968 18 1.42 0.46 0.6 0.5 0.2 0.9 0.5 0.5 0.73 0.21 2.16 0.57 1.99 0.24 1.23 0.07 0.48 
BNG6Aa_1_12 B <12.619 <1.732 0.5 117 <2.048 <1.00 954 13 1.18 0.69 0.1 0.2 0.1 0.3 0.2 0.4 0.25 0.11 1.28 0.40 1.33 0.17 0.68 0.07 0.34 
BNG6Aa_1_13 B <19.109 0 1.5 125 <1.619 <1.00 957 16 1.11 0.56 0.9 0.9 0.2 1.0 0.4 0.6 0.68 0.13 1.66 0.56 1.93 0.18 0.72 0.10 0.35 
BNG6Aa_1_14 B <16.726 1 1.4 124 <2.916 <1.00 1017 16 1.04 0.36 0.2 0.6 0.1 0.4 0.2 0.5 0.58 0.15 1.54 0.48 1.87 0.20 0.92 0.07 0.49 
BNG6Aa_1_15 B <16.481 0 2.4 150 <2.352 <1.00 1106 24 1.43 0.71 1.3 3.5 0.3 1.6 0.5 0.5 1.05 0.24 2.26 0.71 2.78 0.32 1.53 0.12 0.50 
BNG6Aa_1_16 B <15.018 0 1.5 144 <2.469 <1.00 1021 18 1.47 0.41 1.1 1.0 0.2 1.1 0.2 0.6 0.82 0.20 1.76 0.57 1.88 0.24 1.09 0.07 0.37 
BNG6Aa_1_17 B <12.381 <1.288 0.9 128 <2.153 <1.00 933 19 1.08 0.80 0.1 0.3 0.1 0.4 0.2 0.4 0.62 0.18 2.01 0.55 2.19 0.24 1.06 0.10 0.23 
BNG6Aa_1_18 B <17.801 0 1.1 113 <2.092 <1.00 941 20 1.12 0.72 0.6 0.5 0.2 0.8 0.4 0.6 0.77 0.20 2.14 0.69 1.95 0.25 0.84 0.09 0.30 
BNG6Aa_1_19 B <12.472 2 1.7 122 <2.682 <1.00 1133 34 1.29 1.29 0.7 1.0 0.3 1.3 0.5 0.9 1.64 0.41 3.98 1.14 3.66 0.42 1.46 0.10 0.41 
BNG6Aa_1_20 B <21.647 <1.372 1.9 127 <2.406 <1.00 1028 33 1.31 0.93 1.6 2.0 0.3 1.9 0.7 1.1 1.54 0.34 3.26 1.12 3.29 0.45 1.39 0.15 0.34 
BNG6Aa_1_21 B <20.094 4 1.4 140 <1.854 <1.00 998 33 1.03 0.55 0.5 1.1 0.2 1.5 0.6 1.1 1.73 0.37 3.92 1.11 4.44 0.43 1.45 0.15 0.38 
BNG6Aa_1_22 B <19.861 1 1.1 119 <2.898 <1.00 914 38 1.07 1.07 0.1 0.6 0.2 1.2 0.9 1.1 2.25 0.50 5.01 1.39 4.09 0.49 1.81 0.11 0.27 
BNG6Aa_1_23 B <18.218 <2.309 1.3 111 <2.237 <1.00 1034 35 1.20 0.75 0.3 0.7 0.2 1.5 0.7 1.3 2.25 0.48 4.85 1.58 3.97 0.45 1.85 0.15 0.32 
BNG6Aa_1_24 B <19.301 1 0.8 122 <2.279 <1.00 1174 40 1.27 0.63 0.2 0.6 0.2 1.2 0.6 1.4 1.83 0.50 4.77 1.37 4.28 0.51 1.60 0.16 0.45 
188 
Analysis ID CL Colour NA Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb 
BNG6Aa_1_25 B 18 1 0.9 136 <2.5 <1.00 1134 46 1.11 0.77 0.1 0.6 0.2 1.5 0.9 1.5 2.18 0.55 5.65 1.58 4.86 0.57 2.30 0.19 0.36 
BNG6Aa_1_26 B 17 6 1.7 133 <2.218 <1.00 1110 46 1.18 0.73 0.7 1.3 0.2 1.6 1.1 1.5 1.97 0.57 6.32 1.78 5.09 0.54 2.15 0.21 0.39 
BNG6Aa_1_27 B <15.961 1 1.1 108 <2.875 <1.00 1026 47 1.19 0.69 0.3 0.6 0.1 1.2 0.8 1.3 2.02 0.52 5.42 1.60 5.30 0.56 2.21 0.15 0.30 
BNG6Aa_1_28 B <10.496 <1.858 0.9 111 <2.878 <1.00 1128 55 1.16 0.92 0.1 0.6 0.2 1.4 0.7 1.7 2.76 0.65 6.69 2.04 6.89 0.70 2.85 0.24 0.37 
BNG6Aa_1_29 B <15.994 2 0.8 125 <2.006 <1.00 1148 64 1.48 0.88 0.3 0.9 0.2 1.4 0.9 1.4 2.35 0.51 6.39 1.83 6.44 0.79 3.27 0.31 0.36 
BNG6Aa_1_30 B 735 <1.276 1.3 144 <2.424 <1.00 1130 54 1.56 1.17 0.3 0.9 0.3 1.5 0.5 1.3 1.57 0.46 5.23 1.55 6.15 0.79 3.72 0.25 0.40 
BNG6Aa_1_31 B <12.424 <1.93 1.3 135 <3.261 <1.00 1154 52 1.56 0.66 0.9 1.4 0.4 1.8 0.7 1.4 1.61 0.42 5.19 1.67 5.86 0.73 3.36 0.27 0.45 
BNG6Aa_1_32 B 21 8 1.2 85 <2.315 <1.00 1023 41 1.38 1.18 0.8 1.1 0.3 1.5 0.8 0.9 2.05 0.42 4.73 1.22 4.31 0.54 2.34 0.23 0.51 
BNG6Aa_1_33 B <16.563 1 1.1 134 <3.039 <1.00 1041 27 1.35 0.78 0.9 1.2 0.3 1.3 0.5 0.9 0.82 0.25 2.84 0.79 2.61 0.31 1.70 0.10 0.49 
BNG6Aa_1_34 B <16.345 1 1.3 124 <2.3 <1.00 1036 26 1.38 0.56 0.5 0.8 0.2 0.9 0.5 0.9 0.89 0.21 2.43 0.81 2.56 0.37 1.45 0.14 0.31 
BNG6Aa_1_35 B 11 <1.157 1.6 109 <2.185 <1.00 900 29 0.83 0.47 0.4 0.8 0.2 1.0 0.3 1.1 0.77 0.25 2.68 0.80 3.23 0.41 1.80 0.14 0.38 
BNG6Aa_1_36 B <12.732 1 1.4 99 <1.714 <1.00 1082 32 1.39 0.77 0.5 0.9 0.2 1.1 0.3 1.1 0.89 0.14 2.26 0.80 3.00 0.46 2.13 0.19 0.38 
BNG6Aa_1_37 B <14.033 2 1.6 105 <1.749 <1.00 1077 26 1.24 0.68 0.7 1.0 0.2 0.9 0.3 1.1 0.80 0.25 2.19 0.63 2.32 0.34 1.77 0.12 0.39 
BNG6Aa_1_38 B 50 9 0.8 117 <2.361 <1.00 1180 39 0.97 0.73 0.3 0.7 0.2 0.8 0.4 1.3 0.96 0.19 2.91 1.02 3.66 0.51 2.11 0.15 0.41 
BNG6Aa_1_39 B <14.27 <1.277 <1.00 110 <2.987 <1.00 1063 22 1.22 0.63 0.1 0.3 0.1 0.3 <1.00 0.8 0.31 0.09 1.21 0.49 1.92 0.32 1.22 0.11 0.33 
BNG6Aa_1_40 B <17.677 2 1.2 554 <2.602 <1.00 979 26 1.13 0.85 0.5 1.0 0.2 0.9 0.3 0.9 0.44 0.16 1.69 0.64 2.38 0.37 1.38 0.15 0.40 
BNG6Aa_1_41 B <17.152 2 1.1 122 1.4 <1.00 1118 25 1.16 1.17 0.1 0.4 0.1 0.3 0.1 0.9 0.31 0.11 1.74 0.70 2.60 0.36 1.55 0.13 0.37 
BNG6Aa_1_42 B 24 2 0.9 118 <2.052 <1.00 1088 28 1.22 0.67 0.5 0.7 0.1 0.6 0.3 0.8 0.55 0.10 2.03 0.66 2.45 0.36 1.93 0.17 0.58 
BNG6Aa_1_43 B <13.204 3 0.7 108 <2.643 <1.00 1079 34 1.86 0.86 0.2 0.4 0.1 0.6 0.3 0.9 0.92 0.23 2.69 0.80 3.21 0.43 2.25 0.19 0.63 
BNG6Aa_1_44 B <15.931 1 0.8 118 2.3 <1.00 1047 35 1.31 0.97 0.3 0.5 0.1 0.5 0.4 1.3 0.64 0.22 2.46 0.89 3.25 0.46 2.10 0.21 0.47 
BNG6Aa_1_45 B <16.766 1 1.1 102 <3.336 <1.00 1038 24 1.76 0.74 0.1 0.3 0.0 0.3 0.2 0.7 0.31 0.09 1.28 0.49 2.48 0.37 1.61 0.18 0.38 
BNG6Aa_1_46 B <20.796 5 1.6 149 <3.064 <1.00 1071 23 1.33 1.06 1.1 1.4 0.3 1.1 0.3 0.8 0.86 0.16 1.73 0.59 1.89 0.32 1.41 0.13 0.65 
BNG6Aa_1_47 B 27 35 2.5 154 <2.811 <1.00 995 18 1.07 1.97 0.6 0.9 0.2 0.6 0.2 0.9 0.34 0.13 1.21 0.44 1.68 0.21 1.59 0.11 1.55 
BNG6Aa_2_1 B <17.577 2 1.5 170 <2.283 <1.00 1163 40 1.11 0.54 4.9 3.4 0.8 3.8 0.9 1.5 1.21 0.28 3.33 0.90 3.69 0.50 2.22 0.20 0.52 
BNG6Aa_2_2 B <17.649 <1.00 1.5 124 <2.882 <1.00 1212 33 1.43 0.95 1.0 1.2 0.3 1.3 0.4 1.0 0.82 0.21 2.5 0.8 3.0 0.40 1.79 0.12 0.61 
BNG6Aa_2_3 B <18.694 <1.303 1.4 164 <1.377 <1.00 1008 45 1.34 0.67 1.0 1.8 0.3 1.4 0.6 1.2 1.19 0.41 3.9 1.2 4.7 0.63 2.10 0.24 0.37 
BNG6Aa_2_4 B <12.669 1 1.1 138 <2.74 <1.00 890 28 1.24 0.78 0.9 0.9 0.2 1.1 0.5 0.9 1.40 0.33 3.2 0.9 3.0 0.39 1.61 0.12 0.29 
BNG6Aa_2_5 B <11.414 <1.322 1.4 138 <2.763 <1.00 878 26 1.58 0.78 3.9 2.0 0.6 2.4 0.3 1.1 0.93 0.17 2.2 0.7 2.1 0.38 1.85 0.19 0.27 
BNG6Aa_2_6 B <18.75 <1.295 1.4 126 <2.732 <1.00 1044 21 1.65 0.77 1.3 1.1 0.3 0.9 0.3 1.2 0.52 0.12 1.4 0.6 2.3 0.25 2.07 0.16 0.37 
BNG6Aa_2_7 B <15.311 1 1.1 110 <2.148 <1.00 1081 21 1.48 0.89 0.7 0.6 0.1 0.5 0.2 1.2 0.46 0.11 1.3 0.5 2.1 0.36 1.55 0.19 0.47 
BNG6Aa_2_8 B <15.815 3 1.2 124 <2.285 <1.00 1159 26 1.55 1.44 1.5 1.3 0.3 1.2 0.3 1.1 0.76 0.18 1.7 0.6 2.1 0.43 2.02 0.19 0.48 
BNG6Aa_2_9 B <22.331 <1.377 0.8 111 <2.952 <1.00 1301 19 1.50 0.79 0.0 0.2 0.0 0.4 0.1 0.8 0.22 0.12 1.3 0.4 1.8 0.33 1.18 0.12 0.25 
BNG6Aa_2_10 B <10.504 <1.00 1.0 118 <2.274 <1.00 1144 18 1.77 0.87 2.1 1.4 0.3 1.3 0.3 0.5 0.53 0.14 1.3 0.5 1.9 0.27 1.49 0.13 0.39 
BNG6Aa_2_11 B <17.779 <1.00 0.6 119 <1.492 <1.00 1154 18 1.73 0.57 1.1 0.9 0.2 0.7 0.3 0.9 0.32 0.10 1.1 0.4 1.6 0.22 1.50 0.19 0.45 
BNG6Aa_2_12 B <13.316 1 <1.00 117 <2.767 <1.00 1077 9 1.54 0.65 0.1 0.3 0.1 0.3 0.1 1.4 0.35 0.07 0.5 0.2 0.7 0.14 0.69 0.09 0.33 
BNG6Aa_2_13 B <12.444 0 0.5 127 <4.23 <1.00 1390 10 1.83 0.73 0.5 0.4 0.1 0.4 0.1 1.2 0.19 0.07 0.4 0.2 0.9 0.10 1.04 0.08 0.36 
BNG6Aa_2_14 B <16.318 0 0.7 118 <1.99 <1.00 1193 23 1.51 0.55 0.1 0.3 0.1 0.5 0.1 1.3 0.58 0.15 1.9 0.6 2.3 0.25 1.63 0.14 0.32 
BNG6Aa_2_15 B 16 0 0.7 134 <2.849 <1.00 1190 24 1.55 0.78 0.1 0.4 0.1 0.7 0.7 1.3 1.48 0.36 2.8 0.9 2.6 0.30 1.36 0.10 0.35 
BNG6Aa_2_16 B <22.182 <2.677 0.6 97 <1.739 <1.00 1244 42 1.45 0.48 0.1 0.6 0.2 1.5 0.9 1.8 1.82 0.49 4.3 1.3 4.5 0.48 2.09 0.20 0.35 
BNG6Aa_2_17 B <16.448 <1.00 0.4 141 <2.351 <1.00 1194 56 1.09 0.37 0.6 1.0 0.3 2.2 1.0 2.4 3.72 0.82 7.8 2.1 6.2 0.63 2.53 0.23 0.39 
BNG6Aa_2_18 B <22.968 0 1.2 157 <2.473 <1.00 1302 33 1.44 0.89 0.7 3.6 0.2 1.3 0.5 2.0 1.61 0.37 3.4 1.0 3.6 0.40 2.30 0.24 0.59 
BNG6Aa_2_19 B <13.406 0 1.0 100 <2.612 <1.00 1105 17 1.73 0.73 0.1 0.3 0.0 0.3 0.1 1.3 0.36 0.06 0.8 0.3 1.2 0.23 1.46 0.14 0.24 
BNG6Aa_2_20 B 859 <1.00 2.1 370 <2.287 <1.00 1154 35 1.07 0.38 0.8 2.6 0.3 1.8 0.4 2.2 0.92 0.34 3.0 1.0 3.3 0.46 2.17 0.17 0.61 
BNG6Aa_2_21 B <18.23 <1.434 1.2 186 <3.983 <1.00 1242 31 1.21 0.40 0.5 1.6 0.3 1.1 0.6 2.1 1.05 0.30 3.5 1.0 3.2 0.35 1.28 0.12 0.39 
BNG6Aa_2_22 B <12.212 <2.516 0.8 121 <2.144 <1.00 1080 50 1.42 0.60 0.6 1.1 0.3 2.1 1.3 1.7 3.56 0.93 7.5 2.2 6.7 0.62 2.54 0.19 0.36 
BNG6Aa_2_23 B <15.704 <1.244 0.5 101 <1.835 <1.00 1091 53 0.99 0.67 0.2 0.5 0.1 1.5 1.2 2.0 3.35 0.76 7.3 2.0 5.9 0.58 2.19 0.19 0.29 
BNG6Aa_2_24 B <17.336 0 <1.00 106 <1.935 <1.00 1106 81 1.23 0.59 0.1 0.7 0.2 1.6 1.6 2.0 3.22 1.04 10.0 2.8 8.9 0.95 4.12 0.32 0.35 
BNG6Aa_2_25 B <18.529 <1.503 0.3 113 <2.23 <1.00 1363 101 1.21 0.75 0.1 0.8 0.3 2.6 2.2 2.1 5.64 1.36 13.7 4.0 12.6 1.24 4.06 0.32 0.35 
BNG6Aa_2_26 B <16.763 1 <1.00 109 <3.525 <1.00 1163 58 0.96 1.06 0.1 0.5 0.1 1.0 0.8 1.7 1.51 0.46 6.0 1.9 6.1 0.72 3.50 0.31 0.64 
BNG6Aa_2_27 B <11.743 <1.207 0.8 111 <1.48 <1.00 1074 68 1.27 0.48 0.5 0.7 0.3 2.1 1.8 1.7 3.63 1.01 8.8 2.4 8.0 0.85 3.45 0.25 0.26 
BNG6Aa_2_28 B <17.158 0 0.8 115 <2.168 <1.00 1087 65 1.00 0.64 0.1 0.6 0.2 1.0 0.8 2.1 1.90 0.53 5.4 1.6 6.5 0.75 3.60 0.27 0.20 
BNG6Aa_2_29 B 18 <1.357 0.9 131 <3.145 <1.00 1080 80 1.13 0.74 0.1 0.8 0.2 1.9 1.8 2.1 4.92 1.08 10.6 3.0 9.5 1.01 3.86 0.21 0.28 
BNG6Aa_3_1 B <13.668 <1.00 1.8 146 17.3 <1.00 1012 42 1.04 1.35 1.8 1.0 0.3 1.8 0.7 0.9 1.74 0.44 5.3 1.7 5.2 0.57 2.15 0.17 0.28 
BNG6Aa_3_2 B <14.976 2 0.5 124 <2.239 <1.00 688 38 5.37 0.46 0.0 0.2 0.0 0.3 0.1 0.4 0.73 0.23 2.9 1.0 4.5 0.64 2.93 0.28 0.34 
BNG6Aa_3_3 B <16.475 <1.314 <1.00 105 <2.699 <1.00 743 36 3.83 0.85 0.0 0.1 0.0 0.3 0.3 0.4 0.60 0.18 2.8 0.9 3.8 0.55 2.69 0.21 0.40 
BNG6Aa_3_4 B <18.589 <2.665 <1.00 129 <2.938 <1.00 663 37 5.51 0.42 0.0 0.1 0.0 0.1 0.2 0.5 0.46 0.19 2.5 1.0 4.4 0.54 2.98 0.30 0.24 
BNG6Aa_3_5 B <14.048 1 0.7 126 <2.133 <1.00 975 20 1.94 0.52 0.0 0.1 0.0 0.2 0.2 0.3 0.50 0.16 2.1 0.6 2.0 0.28 1.24 0.10 0.41 
BNG6Aa_3_6 B <13.331 <1.347 0.3 116 <2.077 <1.00 955 17 1.54 0.81 0.0 0.1 0.0 0.2 0.1 0.3 0.52 0.14 1.8 0.7 2.2 0.26 0.92 0.09 0.29 
BNG6Aa_3_7 B <14.276 3 1.6 164 <3.268 <1.00 1110 34 2.95 0.88 1.4 0.6 0.2 1.1 0.3 0.5 0.30 0.21 2.2 0.9 3.7 0.56 2.02 0.20 0.50 
BNG6Aa_3_8 B 28 12 3.1 216 <3.037 <1.00 941 38 2.84 1.44 4.3 1.7 0.6 2.6 0.9 0.5 1.36 0.25 2.9 1.3 4.1 0.54 2.45 0.20 0.57 
BNG6Aa_3_9 B <17.6 1 2.1 220 <3.126 <1.00 1203 46 1.68 0.82 2.2 1.3 0.4 2.3 0.6 0.8 1.36 0.46 4.2 1.3 4.9 0.65 2.26 0.22 0.66 
BNG6Aa_3_10 B <8.043 1 1.1 121 <2.236 <1.00 1053 36 1.04 0.74 0.5 0.3 0.1 1.1 0.7 0.5 2.01 0.58 5.1 1.6 4.3 0.46 1.33 0.09 0.39 
BNG6Aa_3_11 B <17.905 1 1.6 333 <1.367 <1.00 1136 32 1.11 1.05 2.7 1.7 0.6 2.3 0.6 0.6 0.90 0.24 2.8 0.9 3.0 0.46 1.84 0.16 0.53 
BNG6Aa_3_12 B 16 2 2.1 263 <2.72 <1.00 1108 26 1.45 0.84 2.8 1.5 0.6 2.3 0.4 0.5 0.50 0.15 1.7 0.7 2.6 0.31 1.59 0.18 0.53 
BNG6Aa_3_13 B <17.49 <1.843 0.6 136 <2.406 <1.00 938 27 1.20 0.58 1.1 0.6 0.2 1.0 0.3 0.5 0.71 0.24 3.0 0.9 3.6 0.36 1.31 0.08 0.26 
BNG6Aa_3_14 B <18.869 0 1.0 132 <3.065 <1.00 1036 29 1.38 0.77 0.2 0.3 0.0 0.4 0.3 0.4 0.90 0.23 2.7 0.8 3.1 0.33 1.29 0.07 0.45 
BNG6Aa_3_15 B <12.631 2 1.3 155 <2.67 <1.00 1034 41 1.64 0.71 0.7 0.7 0.3 0.9 0.5 0.9 1.13 0.43 4.6 1.4 5.5 0.61 2.04 0.15 0.52 
BNG6Aa_3_16 B <18.309 <3.083 2.8 384 <2.733 <1.00 1098 52 1.91 1.33 5.9 2.9 1.0 5.3 1.3 1.2 2.78 0.58 7.7 2.1 6.4 0.72 2.68 0.20 0.74 
BNG6Aa_3_17 B 33 <1.513 1.2 145 <3.238 <1.00 1206 53 1.27 1.08 2.2 1.3 0.4 2.3 0.9 1.3 3.25 0.70 7.1 2.1 6.2 0.61 1.96 0.17 0.48 
BNG6Aa_3_18 B <14.689 1 1.4 215 <1.476 <1.00 1202 56 1.04 1.11 1.1 1.1 0.3 1.5 0.7 1.9 2.01 0.51 5.8 1.7 7.2 0.90 3.08 0.30 0.43 
BNG6Aa_3_19 B <17.895 1 0.6 127 <3.459 <1.00 1272 65 1.29 0.59 0.2 0.5 0.1 0.8 0.5 2.1 1.56 0.54 4.8 1.7 7.4 1.03 3.72 0.34 0.42 
BNG6Aa_3_20 B <20.962 0 1.1 150 <2.697 <1.00 1202 67 1.06 0.87 0.4 0.6 0.2 0.9 0.6 2.3 1.43 0.41 5.4 1.7 7.4 1.00 4.12 0.34 0.48 





Table C-4: Whole-rock REE compositions of host rocks from orogenic scheelite deposits in the Otago Schist including data taken from Farmer (2015), Wilson (2017), Scanlan et al. (2018) and Wellnitz et al. 
(2019). R = Rakaia Terrane, C = Caples Terrane, A = Aspiring Terrane, HWS = hanging wall shear, HW = hanging wall, sb = sclicified breccia, g = undifferentiated greyschist, psa = psammite, pel = pellite, arg = argillite, 
gwy = greywacke, bdl = below detection limit, NA = not analysed.  
 
Sample Terrane Rock Type La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Boanerges Peak                 
BNG3A R arg, vm 39.2 87.5 9.53 36 6.99 1.52 6.36 0.97 5.91 1.19 3.4 0.48 3.21 0.48 
BNG6A R gwy, vm 34.5 66.7 7.34 26.2 4.57 0.9 3.68 0.52 2.86 0.58 1.67 0.22 1.55 0.25 
BNG7A R arg 32.6 68.4 7.81 29 5.75 1.15 4.78 0.7 4.41 0.8 2.53 0.38 2.45 0.33 
BNG8A R arg 35 74.6 8.29 31.8 5.89 1.23 4.95 0.78 4.53 0.85 2.44 0.36 2.51 0.35 
BNG9A R arg 32.9 73.9 8.09 29.8 5.85 1.18 5.09 0.75 4.43 0.9 2.67 0.34 2.35 0.33 
BNG10A R gs 28.4 50 6.56 25.2 4.9 0.95 4.2 0.65 3.91 0.76 2.3 0.29 2.21 0.32 
BNG7B R gwy 32.2 63.7 7.44 26.6 4.79 0.95 3.77 0.56 3.2 0.66 1.85 0.24 1.87 0.25 
BNG8B R gwy 34.3 67.8 7.69 27.3 4.74 0.93 3.55 0.48 3.06 0.6 1.68 0.23 1.74 0.25 
BNG9B R gwy 34.1 67.4 7.25 26.4 4.57 0.95 3.59 0.52 3.17 0.59 1.75 0.25 1.74 0.24 
BNG10B R gs 4.6 10.8 1.71 9.4 3.12 1.19 4.21 0.73 4.88 1.03 2.98 0.39 2.8 0.36 
Macraes (Farmer, 2015)                 
LF65.1 R HW 25.2 56.2 6.5 24.9 4.94 0.99 4.52 NA 3.95 0.77 2.25 0.34 1.95 0.25 
LF67.1 R HW 19.4 43.8 5.38 22.1 4.86 1.17 4.56 NA 4.13 0.87 2.36 0.34 1.93 0.27 
LF47 R HWS 23.2 50.3 5.53 21.9 4.14 0.89 3.18 NA 2.18 0.4 1.04 bdl 0.97 bdl 
LF152 R HWS 42 92.6 11.2 42.7 8.33 1.53 6.62 0.97 5.57 1.16 3.53 0.58 4.09 0.61 
LF140 R HWS 43.2 89.3 10.2 37 6.42 1.29 4.93 0.74 4.48 0.96 3.16 0.59 4.67 0.74 
LF77 R pel 15.9 33.4 3.7 14.2 2.66 0.55 1.95 NA 0.97 bdl 0.43 bdl 0.45 bdl 
LF68 R pel 25.5 54.6 6.18 23.7 4.87 0.86 3.69 NA 1.74 0.28 0.76 bdl 0.77 bdl 
LF78 R pel 18.2 38.7 4.22 16.9 3.1 0.6 2.32 NA 1.38 bdl 0.66 bdl 0.7 bdl 
LF09 R psa 14.3 29.6 3.26 12.8 2.15 0.43 1.77 NA 1.13 0.23 0.66 bdl 0.75 bdl 
LF34.1 R psa 24 49.6 6.06 24.5 5.01 1.01 3.88 NA 2.56 0.45 1.36 bdl 1.25 bdl 
LF71 R psa 18.5 38.4 4.22 15.5 2.8 0.5 1.95 NA 1.29 0.24 0.75 bdl 0.81 bdl 
LF39 R psa 20.4 45.6 5.34 21.9 4.77 1.06 4.12 NA 3.47 0.71 2.02 0.29 1.76 0.27 
LF153 R psa 24.7 50.8 6.05 22.8 4.2 0.73 2.9 0.35 1.71 0.3 0.84 0.13 0.93 0.16 
LF146.1 R psa 24.9 52.1 6.17 23.4 4.6 1.06 3.85 0.58 3.32 0.67 1.95 0.31 2.18 0.3 
LF10 R sb 28.4 61.5 7.21 28.2 5.77 1.16 4.85 NA 3.72 0.74 2.1 0.31 1.92 0.32 
LF53 R sb 29.9 69.5 8.46 37.1 8.87 2.98 10 NA 9.72 1.86 4.79 0.63 3.64 0.49 
Bendigo (Wilson, 2017)                 
AL10 R g 27.6 55.3 6.19 23.9 4.17 1.05 3.35 0.46 2.78 0.58 1.74 0.26 1.63 0.25 
AL9 R pel 30 61 6.67 25.9 4.19 0.99 3.53 0.5 2.93 0.6 1.72 0.25 1.71 0.26 
LN2 R pel 31.3 66.1 7.46 27.3 5.48 1.2 5.17 0.75 4.43 0.9 2.7 0.39 2.51 0.38 
Glenorchy (Scanlan, 2018)                 
BNJ8 C gs 19.8 42.6 4.88 18.9 3.85 1.05 3.63 0.54 3.25 0.65 1.92 0.27 1.82 0.28 
JT2 C gs 18.8 39.1 4.85 19.8 4.13 1.19 4.12 0.62 3.56 0.72 2.05 0.3 1.97 0.31 
JT3 C pel 21.1 44.7 5.28 21.4 4.48 1.12 4.22 0.66 3.94 0.8 2.29 0.33 2.25 0.35 
BNJ7 C psa 20.5 43.1 5.04 20.1 4.1 1.07 3.95 0.58 3.43 0.69 2.1 0.27 1.88 0.31 
JT1 C psa 21.9 46.1 5.61 22 4.85 1.29 4.78 0.71 4.17 0.88 2.43 0.36 2.39 0.36 
Glenorchy (Wellnitz, 2017)                 
AD1C2 A g 25.3 49.2 5.1 20.1 3.77 0.87 3.01 0.47 2.54 0.57 1.54 0.25 1.67 0.24 
BD180.6-2WR A g NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
BUL2C A g 27.9 54.2 5.56 21.9 4 0.92 3.42 0.52 2.93 0.65 1.83 0.26 2.01 0.3 
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Table C-5: LA-ICPMS Sr isotope results of scheelite analyses from selected orogenic scheelite deposits in the Otago Schist.  
Analysis ID Session CL Colour 87Sr/86Sr 2SE 84Sr/86Sr 2SE Count MSDW est. 87Rb/86Sr 
Boanerges Peak – this study 
BNG1Ba_01 (end) 1 B 0.70819 0.00010 0.05684 0.00004 13 1.411 0.000020 
BNG1Ba_01 (start) 1 B 0.70798 0.00014 0.05688 0.00003 22 1.067 0.000002 
BNG1Ba_02 1 B 0.70798 0.00007 0.05694 0.00003 64 1.244 0.000022 
BNG1Ba_03 (all) 1 B 0.70811 0.00009 0.05693 0.00002 41 1.235 0.000012 
BNG1Ba_03 (end) 1 B 0.70799 0.00013 0.05695 0.00004 16 1.344 0.000007 
BNG1Ba_03 (start) 1 B 0.70821 0.00009 0.05692 0.00003 21 0.668 0.000013 
BNG1Ba_04 1 B 0.70847 0.00010 0.05688 0.00005 12 0.482 0.000015 
BNG1Ba_05 1 B 0.70796 0.00009 0.05682 0.00002 30 1.178 -0.000003 
BNG1Ba_06 1 B 0.70798 0.00011 0.05692 0.00004 20 0.975 0.000005 
BNG1Ba_07 (1st half) 1 B 0.70808 0.00011 0.05686 0.00003 15 0.864 0.000016 
BNG1Ba_07 (2nd half) 1 B 0.70803 0.00012 0.05681 0.00004 13 0.828 0.000087 
BNG1Ba_08 1 B 0.70798 0.00013 0.05693 0.00005 19 1.494 0.000014 
BNG1Ba_09 (end) 1 B 0.70816 0.00032 0.05697 0.00006 7 1.137 0.000085 
BNG1Ba_09 (middle) 1 B 0.70821 0.00016 0.05697 0.00011 8 0.981 0.000029 
BNG1Ba_09 (start) 1 B 0.70783 0.00020 0.05697 0.00011 6 2.801 0.000027 
BNG1Ba_13 1 B 0.70801 0.00013 0.05688 0.00006 36 1.181 0.000069 
BNG1Ba_18 (start 3rd) 1 B 0.70803 0.00010 0.05695 0.00004 31 1.050 0.000035 
BNG1Ba_19 (all) 1 B 0.70807 0.00008 0.05695 0.00003 61 2.097 0.000084 
BNG1Ba_19 (end) 1 B 0.70802 0.00009 0.05688 0.00003 16 0.973 0.000022 
BNG1Ba_19 (start) 1 B 0.70789 0.00011 0.05689 0.00004 20 0.696 0.000016 
BNG3Aa_01 1 B 0.709554 0.00007 0.05699 0.00002 59 0.949 0.000032 
BNG3Aa_02 1 B 0.709484 0.00007 0.05704 0.00002 77 1.442 0.000049 
BNG3Aa_03 1 B 0.709579 0.00005 0.05698 0.00002 148 1.123 0.000044 
BNG4Aa_01 1 B 0.708951 0.00018 0.05689 0.00006 10 1.651 0.000024 
BNG4Aa_02 1 B 0.708888 0.00018 0.05689 0.00006 12 1.771 -0.000001 
BNG4Aa_03 1 B 0.709125 0.00010 0.05701 0.00004 16 0.647 0.000051 
BNG4Aa_04 (1st half) 1 B 0.709345 0.00012 0.05704 0.00003 13 0.718 0.000005 
BNG4Aa_04 (2nd half) 1 B 0.709039 0.00011 0.05691 0.00003 13 0.620 -0.000007 
BNG4Aa_05 1 B 0.709112 0.00008 0.05686 0.00002 54 1.647 0.000022 
BNG4Aa_06 1 B 0.708872 0.00006 0.05692 0.00002 43 0.740 0.000007 
BNG6Aa_01 1 B 0.708944 0.00007 0.05681 0.00003 69 1.249 0.000024 
BNG6Aa_02 1 B 0.708958 0.00013 0.05704 0.00004 35 1.894 0.000015 
BNG6Aa_03 1 B 0.708888 0.00009 0.05701 0.00003 49 1.403 0.000007 
BNG6Aa_04 1 B 0.708927 0.00009 0.05720 0.00004 28 0.749 0.000036 
BNG6Aa_05 1 B 0.708903 0.00017 0.05719 0.00004 26 2.350 0.000062 
BNG6Aa_06 1 B 0.708984 0.00007 0.05706 0.00002 69 1.204 0.000015 
BNG6Aa_07 1 B 0.709009 0.00006 0.05706 0.00003 67 0.774 0.000019 
BNG6Aa_08 1 B 0.708924 0.00004 0.05691 0.00002 99 0.798 0.000008 
Tridacna, Session 1 
Tridacna_01 1 - 0.70915 0.00008 0.05733 0.00007 30 0.764 0.000059 
Tridacna_02 1 - 0.70910 0.00007 0.05743 0.00006 35 0.662 0.000042 
Tridacna_03 1 - 0.70918 0.00009 0.05736 0.00006 34 1.072 0.000045 
Tridacna_04 1 - 0.70925 0.00009 0.05748 0.00006 34 1.174 0.000040 
Tridacna_05 1 - 0.70915 0.00008 0.05723 0.00008 33 1.019 0.000042 
Tridacna_06 1 - 0.70914 0.00009 0.05742 0.00010 34 1.060 0.000045 
Tridacna_07 1 - 0.70917 0.00010 0.05751 0.00007 33 1.166 0.000037 
Tridacna_08 1 - 0.70922 0.00010 0.05741 0.00008 35 1.103 0.000034 
Tridacna_09 1 - 0.70925 0.00007 0.05722 0.00008 35 0.592 0.000037 
Tridacna_10 1 - 0.70920 0.00010 0.05726 0.00006 33 1.305 0.000022 
Tridacna_11 1 - 0.70919 0.00011 0.05728 0.00008 32 1.455 0.000016 
Tridacna_12 1 - 0.70917 0.00009 0.05743 0.00008 34 0.920 0.000029 
Tridacna_13 1 - 0.70924 0.00007 0.05724 0.00006 34 0.611 0.000027 
Tridacna_14 1 - 0.70915 0.00011 0.05734 0.00007 34 1.277 0.000032 
Tridacna_15 1 - 0.70920 0.00010 0.05729 0.00010 34 1.165 0.000033 
Tridacna_16 1 - 0.70918 0.00009 0.05728 0.00006 32 1.102 0.000034 
Tridacna_17 1 - 0.70913 0.00012 0.05732 0.00007 35 1.828 0.000072 
Tridacna_18 1 - 0.70907 0.00007 0.05726 0.00007 35 0.646 0.000043 
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Analysis ID Session CL Colour 87Sr/86Sr 2SE 84Sr/86Sr 2SE Count MSDW est. 87Rb/86Sr 
Tridacna_19 1 - 0.70917 0.00008 0.05735 0.00007 35 0.686 0.000064 
Tridacna_20 1 - 0.70914 0.00010 0.05751 0.00011 34 1.113 0.000048 
Tridacna_21 1 - 0.70924 0.00009 0.05742 0.00006 35 0.953 0.000035 
Tridacna_22 1 - 0.70912 0.00006 0.05735 0.00009 34 0.469 0.000028 
Tridacna_23 1 - 0.70918 0.00007 0.05741 0.00007 35 0.566 0.000053 
Tridacna_24 1 - 0.70921 0.00011 0.05727 0.00008 30 1.246 0.000053 
Tridacna_25 1 - 0.70921 0.00010 0.05721 0.00006 34 1.208 0.000042 
          
Tridacna Known Value 1  0.70918       
Norm Factor (known/measured) 1  1.00003       
          
Alta Lode – this study 
AL1-1 Start-R/B zone 2 R 0.708513 0.00010 0.05662 0.00006 53 0.817 0.000031 
AL1-1 Middle-orange zone 2 O 0.708618 0.00008 0.05665 0.00004 97 1.156 0.000045 
AL1-1 End-blue zone 2 B 0.708648 0.00012 0.05662 0.00005 62 1.482 0.000014 
AL1-2 Start-blue zone 2 B 0.708571 0.00007 0.05657 0.00004 111 1.040 -0.000007 
AL1-2 End-orange zone 2 O 0.708547 0.00009 0.05662 0.00006 99 0.894 0.000023 
AL1-3 Start-blue zone 2 B 0.708610 0.00009 0.05653 0.00005 96 1.025 -0.000005 
AL1-3 End-orange zone 2 O 0.708588 0.00011 0.05663 0.00005 79 1.131 0.000033 
AL1-4 Middle-orange zone 2 O 0.708690 0.00009 0.05657 0.00005 57 0.732 0.000024 
          
Bonnie Jean, Glenorchy 
BNJ4-1 Start-red zone 2 O 0.707076 0.00013 0.05660 0.00006 56 1.673 0.001548 
BNJ4-1 End-blue zone 2 B 0.707033 0.00006 0.05656 0.00003 130 0.886 0.000007 
BNJ4-2 Start-red zone 2 O 0.707023 0.00011 0.05663 0.00005 62 1.403 0.000073 
BNJ4-2 End-blue zone 2 B 0.707018 0.00006 0.05657 0.00004 134 1.139 0.000010 
          
Golden Point, Macraes 
OU85906-1 Start-blue zone 2 B 0.706815 0.00009 0.05653 0.00004 48 1.290 0.000011 
OU85906-1 End-orange zone 2 O 0.706739 0.00013 0.05657 0.00007 44 1.412 0.000010 
OU85906-2 Middle-orange zone 2 O 0.706999 0.00014 0.05651 0.00009 41 1.127 0.000013 
OU85906-2 End-blue zone 2 B 0.706750 0.00005 0.05647 0.00002 86 0.721 0.000007 
OU85906-2 Start-blue zone 2 B 0.706898 0.00010 0.05656 0.00004 50 1.262 0.000013 
OU85906-3 Start-blue zone 2 B 0.706761 0.00007 0.05656 0.00003 137 1.477 0.000002 
OU85906-3 Middle-orange zone 2 O 0.706833 0.00023 0.05658 0.00011 49 2.647 0.000013 
OU85906-3 End-blue zone 2 B 0.706809 0.00011 0.05649 0.00004 44 1.309 -0.000005 
OU85906-4 Start-R/B zone 2 M 0.707333 0.00012 0.05651 0.00007 67 1.173 -0.000010 
OU85906-4 Middle-orange zone 2 O 0.706891 0.00007 0.05651 0.00004 101 0.754 0.000002 
OU85906-4 End-R/B zone 2 M 0.706870 0.00016 0.05660 0.00008 25 1.548 0.000019 
         
Boanerges Peak 
BNG1Aa-1_grain-1 2 B 0.708000 0.00007 0.05674 0.00003 78 0.724 0.000029 
BNG1Aa-1_grain-2 2 B 0.707913 0.00009 0.05676 0.00003 48 0.809 0.000007 
BNG1Aa-1_grain-3 2 B 0.708022 0.00008 0.05677 0.00004 58 0.802 0.000020 
BNG1Aa-2_grain-4 2 B 0.708039 0.00008 0.05681 0.00005 62 1.001 0.000054 
BNG1Aa-3_grain-5 2 B 0.707853 0.00010 0.05670 0.00005 48 0.816 0.000013 
BNG1Aa-5 2 B 0.708215 0.00012 0.05687 0.00010 34 0.885 0.000155 
BNG5Aa-1 2 B 0.707778 0.00007 0.05683 0.00004 80 0.712 0.000014 
BNG5Aa-2 Start 2 B 0.707903 0.00007 0.05681 0.00003 83 0.859 0.000013 
BNG5Aa-2 End 2 B 0.707836 0.00008 0.05678 0.00004 48 0.580 0.000001 
BNG5Aa-3 2 B 0.707927 0.00005 0.05692 0.00003 276 1.091 0.000032 
BNG5Aa-4 2 B 0.707813 0.00005 0.05683 0.00003 157 0.788 0.000018 
BNG5Aa-5 2 B 0.707850 0.00005 0.05684 0.00003 150 0.815 0.000005 
BNG5Aa-6 2 B 0.708095 0.00006 0.05685 0.00003 145 0.816 0.000025 
BNG5Aa-7 2 B 0.707934 0.00006 0.05687 0.00004 120 0.792 0.000016 
BNG5Aa-8 2 B 0.707933 0.00005 0.05684 0.00003 199 0.884 0.000011 
BNG5Aa-9 2 B 0.707978 0.00006 0.05683 0.00003 111 0.736 0.000023 
BNG5Aa-10 2 B 0.707920 0.00006 0.05686 0.00004 120 0.658 0.000014 
BNG5Aa-11 2 B 0.708036 0.00008 0.05688 0.00004 100 1.055 0.000012 
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Analysis ID Session CL Colour 87Sr/86Sr 2SE 84Sr/86Sr 2SE Count MSDW est. 87Rb/86Sr 
BNG5Aa-12 2 B 0.708016 0.00006 0.05697 0.00004 115 0.753 0.000019 
          
Tridacna, Session 2 
Tridacna01 2 - 0.709154 0.00004 0.05648 0.00014 183 0.622 0.000022 
Tridacna02 2 - 0.709177 0.00004 0.05649 0.00017 186 0.593 0.000017 
Tridacna03 2 - 0.709192 0.00004 0.05643 0.00018 183 0.641 0.000020 
Tridacna04 2 - 0.709132 0.00005 0.05646 0.00017 182 0.565 0.000013 
Tridacna05 2 - 0.709179 0.00005 0.05651 0.00018 189 0.845 0.000009 
Tridacna06 2 - 0.709176 0.00004 0.05643 0.00016 181 0.560 0.000017 
Tridacna07 2 - 0.709221 0.00005 0.05654 0.00019 180 0.832 0.000019 
          
Tridacna Known Value 2  0.709176       
Norm Factor (known/measured) 2  0.999917       
 
Table C-6: Compilation of LA-ICPMS Sr isotope results of scheelite analyses from orogenic scheelite deposits in the Otago Schist taken from Farmer (2015), Scanlan et al. (2018), and Wilson (2017). NA= not 
analysed.  
Analysis ID 87Sr/86Sr 2SE 84Sr/86Sr 2SE Count MSDW est. 87Rb/86Sr 
Barewood – Scanlan et al (2018) 
BW1_01 0.707925 0.00018 0.05809 0.00006 57 0.482 0.000323 
BW1_02 0.707967 0.00008 0.05816 0.00005 311 0.574 0.000463 
BW1_03 0.708050 0.00020 0.05835 0.00004 75 0.901 0.000391 
BW1_04 0.708050 0.00014 0.05832 0.00007 120 0.820 0.000436 
BW1_05 0.708068 0.00010 0.05830 0.00005 160 0.791 0.001076 
BW1_06 0.708161 0.00011 0.05746 0.00003 120 0.522 0.000185 
BW1_07 0.708190 0.00006 0.05677 0.00002 259 0.532 0.000039 
BW2_01 0.707993 0.00010 0.05808 0.00004 196 0.552 0.000328 
BW2_02 0.708033 0.00009 0.05820 0.00004 312 0.704 0.000370 
BW2_03 0.708064 0.00015 0.05754 0.00008 145 0.819 0.000233 
BW2_04 0.708119 0.00019 0.05685 0.00004 164 1.182 0.000053 
BW2_05 0.708136 0.00009 0.05679 0.00002 296 0.663 0.000037 
BW2_06 0.708193 0.00008 0.05669 0.00002 307 0.752 0.000022 
BW2_07 0.708213 0.00010 0.05673 0.00002 267 0.625 0.000005 
BW2_08 0.708223 0.00011 0.05671 0.00002 229 0.903 0.000027 
BW3_01 0.708200 0.00013 0.05702 0.00003 283 0.739 0.000032 
BW3_02 0.708213 0.00016 0.05698 0.00004 178 0.799 0.000061 
BW3_03 0.708336 0.00012 0.05703 0.00003 253 0.646 0.000046 
BW3_04 0.708373 0.00015 0.05701 0.00003 201 0.738 0.000079 
BW3_05 0.708382 0.00014 0.05697 0.00004 189 0.660 0.000403 
BW3_06 0.708414 0.00011 0.05696 0.00003 319 0.749 0.000031 
BW3_07 0.708458 0.00009 0.05691 0.00002 492 0.722 0.000044 
Glenorchy – Scanlan et al (2018) 
BNJ1A_01 0.70703 0.00009 0.05597 0.00011 188 0.661 0.000026 
BNJ1A_02 0.70705 0.00010 0.05572 0.00010 199 0.687 0.000049 
BNJ1A_03 0.70712 0.00007 0.05644 0.00007 233 0.570 0.000020 
BNJ1A_04 0.70709 0.00007 0.05629 0.00008 194 0.437 0.000023 
BNJ1A_05 0.70701 0.00007 0.05628 0.00007 257 0.588 0.000009 
BNJ1A_06 0.70704 0.00008 0.05639 0.00007 219 0.780 0.000012 
BNJ1B_01 0.70703 0.00010 0.05626 0.00012 197 0.632 0.000014 
BNJ1B_02 0.70717 0.00011 0.05572 0.00015 157 0.669 0.000022 
BNJ1B_03 0.70714 0.00007 0.05588 0.00009 279 0.481 0.000014 
BNJ1B_04 0.70710 0.00012 0.05615 0.00014 154 0.655 0.000009 
BNJ2_01 0.70701 0.00016 0.05659 0.00011 45 0.822 0.000022 
BNJ2_02 0.70687 0.00007 0.05637 0.00007 465 0.803 0.000006 
BNJ2_03 0.70695 0.00007 0.05639 0.00006 523 0.769 0.000005 
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Analysis ID 87Sr/86Sr 2SE 84Sr/86Sr 2SE Count MSDW est. 87Rb/86Sr 
BNJ2_04 0.70695 0.00010 0.05632 0.00011 222 0.788 0.000011 
BNJ2_05 0.70696 0.00009 0.05638 0.00008 298 1.017 0.000007 
BNJ2_06 0.70696 0.00008 0.05639 0.00007 266 0.636 0.000011 
BNJ3A_01 0.70706 0.00008 0.05603 0.00009 341 0.609 0.000035 
BNJ3A_02 0.70675 0.00011 0.05533 0.00015 223 0.840 0.000033 
BNJ3A_02 0.70700 0.00016 0.05588 0.00013 139 1.334 0.000016 
BNJ3A_03 0.70715 0.00011 0.05626 0.00012 119 0.527 0.000004 
BNJ3A_04 0.70711 0.00009 0.05621 0.00009 179 0.625 0.000028 
BNJ4_01 0.70695 0.00007 0.05358 0.00009 449 0.484 0.000089 
BNJ4_02 0.70701 0.00008 0.05381 0.00012 308 0.467 0.000039 
BNJ4_03 0.70712 0.00017 0.05565 0.00028 176 0.738 -0.000002 
BNJ4_06 0.70710 0.00009 0.05611 0.00009 242 0.623 0.000009 
BNJ4_07 0.70701 0.00006 0.05627 0.00008 393 0.480 0.000017 
BNJ4_08 0.70694 0.00012 0.05613 0.00015 199 0.685 0.000022 
BNJ4_09 0.70679 0.00009 0.05654 0.00009 140 0.449 0.000014 
BNJ5_01 0.70687 0.00010 0.05625 0.00011 129 0.435 0.000013 
BNJ5_02 0.70685 0.00009 0.05614 0.00010 298 0.614 0.000032 
BNJ5_03 0.70690 0.00009 0.05573 0.00016 270 0.531 0.000017 
BNJ5_04 0.70681 0.00007 0.05613 0.00008 406 0.587 0.000025 
BNJ5_05 0.70660 0.00013 0.05589 0.00018 216 0.803 0.000016 
BNJ5_06 0.70677 0.00011 0.05581 0.00011 328 0.829 0.000039 
BNJ6A_01 0.70706 0.00013 0.05586 0.00016 209 0.847 0.000047 
BNJ6A_02 0.70700 0.00006 0.05611 0.00008 469 0.567 -0.000002 
BNJ6A_03 0.70705 0.00005 0.05619 0.00007 488 0.416 0.000008 
BNJ6A_04 0.70703 0.00007 0.05596 0.00009 355 0.558 0.000023 
BNJ6A_05 0.70705 0.00007 0.05624 0.00010 310 0.682 0.000011 
BNJ6A_06 0.70700 0.00007 0.05601 0.00008 358 0.575 0.000026 
BNJ6B_01 0.70712 0.00009 0.05567 0.00011 225 0.574 0.000007 
BNJ6B_02 0.70705 0.00008 0.05613 0.00009 146 0.412 0.000007 
BNJ6B_03 0.70706 0.00006 0.05590 0.00008 357 0.541 0.000014 
BNJ6B_04 0.70710 0.00007 0.05631 0.00007 325 0.649 0.000006 
BNJ6B_05 0.70710 0.00005 0.05639 0.00006 512 0.584 0.000008 
JP2_01 0.70559 0.00016 0.05571 0.00030 316 0.649 0.000048 
JP2_02 0.70546 0.00010 0.05624 0.00016 371 0.551 0.000058 
JP2_03 0.70551 0.00009 0.05489 0.00017 399 0.528 0.000059 
JP2_04 0.70546 0.00009 0.05554 0.00015 443 0.642 0.000073 
JP2_05 0.70538 0.00013 0.04946 0.00032 237 0.590 0.007574 
JP2_06 0.70548 0.00010 0.05523 0.00017 273 0.588 0.000068 
JP2_07 0.70547 0.00014 0.05655 0.00026 196 0.575 0.000124 
JP2_08 0.70540 0.00011 0.05548 0.00017 285 0.581 0.000055 
JP2_09 0.70549 0.00019 0.05359 0.00037 126 0.594 0.000122 
JP2_10 0.70550 0.00012 0.05501 0.00022 226 0.566 0.000078 
JP2_11 0.70530 0.00008 0.05653 0.00006 178 0.717 0.000021 
JP3_01 0.70690 0.00011 0.05613 0.00010 226 0.926 -0.000001 
JP3_02 0.70698 0.00009 0.05615 0.00009 252 0.696 0.000008 
JP3_03 0.70693 0.00011 0.05617 0.00011 167 0.788 0.000010 
JP3_04 0.70690 0.00007 0.05639 0.00007 267 0.485 0.000002 
JP3_05 0.70689 0.00007 0.05615 0.00008 316 0.550 0.000010 
JP3_06 0.70686 0.00007 0.05625 0.00008 423 0.581 0.000005 
OUX_16S 0.70472 0.00017 0.05699 0.00006 202 0.972 0.000022 
OUX_17S 0.70488 0.00032 0.05636 0.00009 96 1.295 0.000030 
OUX_18S 0.70485 0.00009 0.05645 0.00003 382 0.727 0.000009 
OUX_19S 0.70498 0.00009 0.05650 0.00002 477 0.887 0.000014 
OUX_20S 0.70490 0.00014 0.05644 0.00004 271 0.859 0.000033 
OUX_21S 0.70494 0.00008 0.05648 0.00002 392 0.786 0.000009 
OUX_22S 0.70489 0.00011 0.05643 0.00005 368 0.933 0.000026 
OUX_23S 0.70492 0.00007 0.05649 0.00002 536 0.805 0.000006 
OUX_24S 0.70489 0.00007 0.05645 0.00002 606 0.786 0.000012 
OUX_25S 0.70492 0.00012 0.05643 0.00003 239 0.878 -0.000003 
194 
Analysis ID 87Sr/86Sr 2SE 84Sr/86Sr 2SE Count MSDW est. 87Rb/86Sr 
Alta Lode - Wilson (2017) 
AL1_01 0.708580 0.00006 NA NA NA NA NA 
AL1_02 0.708590 0.00009 NA NA NA NA NA 
AL1_03 0.708600 0.00005 NA NA NA NA NA 
AL1_04 0.708610 0.00005 NA NA NA NA NA 
AL1_05 0.708620 0.00009 NA NA NA NA NA 
AL1_06 0.708670 0.00006 NA NA NA NA NA 
AL1_07 0.708690 0.00007 NA NA NA NA NA 
AL1_08 0.708600 0.00007 NA NA NA NA NA 
AL1_09 0.708600 0.00008 NA NA NA NA NA 
AL1_10 0.708610 0.00011 NA NA NA NA NA 
AL1_11 0.708630 0.00010 NA NA NA NA NA 
AL1_12 0.708640 0.00010 NA NA NA NA NA 
AL1_13 0.708640 0.00008 NA NA NA NA NA 
AL1_14 0.708640 0.00007 NA NA NA NA NA 
AL1_15 0.708670 0.00009 NA NA NA NA NA 
AL2_01 0.708610 0.00008 NA NA NA NA NA 
AL2_02 0.708630 0.00008 NA NA NA NA NA 
AL2_03 0.708650 0.00009 NA NA NA NA NA 
AL2_04 0.708680 0.00007 NA NA NA NA NA 
AL2_05 0.708700 0.00007 NA NA NA NA NA 
AL3_10-11  0.708630 0.00008 NA NA NA NA NA 
AL3_1-2  0.708630 0.00007 NA NA NA NA NA 
AL3_6  0.708640 0.00006 NA NA NA NA NA 
AL3_6b 0.708650 0.00005 NA NA NA NA NA 
AL3_7-8  0.708660 0.00008 NA NA NA NA NA 
AL3_6c  0.708670 0.00005 NA NA NA NA NA 
AL3_5  0.708680 0.00008 NA NA NA NA NA 
AL3_7-8  0.708690 0.00007 NA NA NA NA NA 
AL3_10-11  0.708690 0.00007 NA NA NA NA NA 
AL4_7  0.708560 0.00019 NA NA NA NA NA 
AL4_8-7  0.708560 0.00010 NA NA NA NA NA 
AL4_12  0.708580 0.00015 NA NA NA NA NA 
AL4_10  0.708600 0.00007 NA NA NA NA NA 
AL4_14-13  0.708610 0.00006 NA NA NA NA NA 
AL4_9  0.708620 0.00016 NA NA NA NA NA 
AL4_8S  0.708630 0.00012 NA NA NA NA NA 
AL4_8L  0.708640 0.00008 NA NA NA NA NA 
AL4_12  0.708650 0.00012 NA NA NA NA NA 
AL4_8S  0.708680 0.00013 NA NA NA NA NA 
AL4_5  0.708700 0.00007 NA NA NA NA NA 
AL4_6  0.708700 0.00007 NA NA NA NA NA 
AL5_9  0.708540 0.00009 NA NA NA NA NA 
AL5_1  0.708550 0.00010 NA NA NA NA NA 
AL5_7  0.708550 0.00008 NA NA NA NA NA 
AL5_1  0.708580 0.00009 NA NA NA NA NA 
AL5_13-11  0.708600 0.00009 NA NA NA NA NA 
AL5_2  0.708610 0.00007 NA NA NA NA NA 
AL5_15  0.708610 0.00009 NA NA NA NA NA 
AL5_4-3  0.708610 0.00006 NA NA NA NA NA 
AL5_12  0.708620 0.00008 NA NA NA NA NA 
AL5_6-5  0.708630 0.00007 NA NA NA NA NA 
AL5_8  0.708640 0.00013 NA NA NA NA NA 
AL7_2-3  0.708580 0.00011 NA NA NA NA NA 
AL7_1-2  0.708640 0.00011 NA NA NA NA NA 
Round Hill, Macraes - Farmer (2015) 
LF3_8-A-1 0.706975 0.00005 NA NA NA NA NA 
LF3_8-B-3 0.707111 0.00008 NA NA NA NA 4.17E-05 
LF3_8-B-4 0.706921 0.00006 NA NA NA NA 5.80E-05 
LF3_8-B-5 0.707191 0.00007 NA NA NA NA NA 
195 
 
Analysis ID 87Sr/86Sr 2SE 84Sr/86Sr 2SE Count MSDW est. 87Rb/86Sr 
LF14_9-I-8 0.707752 0.00007 NA NA NA NA 6.31E-05 
LF14_9-I-9 0.707628 0.00009 NA NA NA NA NA 
LF14_9-I-10 0.707857 0.00009 NA NA NA NA NA 
LF15_7-A-1 0.707037 0.00005 NA NA NA NA NA 
LF15_7-A-2 0.707018 0.00005 NA NA NA NA NA 
LF15_7-A-3 0.706992 0.00006 NA NA NA NA NA 
LF15_7-A-4 0.707033 0.00006 NA NA NA NA 1.99E-05 
LF16_8-N-25 0.707007 0.00006 NA NA NA NA 7.58E-05 
LF16_8-N-26 0.707024 0.00005 NA NA NA NA 1.79E-05 
LF16_8-N-27a 0.707082 0.00007 NA NA NA NA NA 
LF16_8-N-27b 0.707751 0.00011 NA NA NA NA NA 
LF16_8-K-32 0.707181 0.00005 NA NA NA NA NA 
LF16_8-K-33 0.707219 0.00005 NA NA NA NA 2.05E-05 
LF16_8-K-34 0.706995 0.00005 NA NA NA NA 2.86E-05 
Frasers Underground, Macraes - Farmer (2015) 
LF81_9-A-1 0.707623 0.00010 NA NA NA NA 4.95E-05 
LF81_9-A-2 0.707743 0.00009 NA NA NA NA NA 
LF81_9-A-3 0.707741 0.00015 NA NA NA NA 1.57E-05 
LF81_9-B-5 0.707699 0.00007 NA NA NA NA NA 
LF81_9-B-6 0.707685 0.00008 NA NA NA NA NA 
LF87_17-L-13 0.70687 0.00004 NA NA NA NA NA 
LF87_17-L-14 0.706886 0.00004 NA NA NA NA NA 
LF87_17-L-15 0.706899 0.00004 NA NA NA NA 6.38E-05 
LF87_17-H-16 0.706917 0.00006 NA NA NA NA NA 
LF87_17-H-17 0.706872 0.00006 NA NA NA NA NA 
LF87_17-H-18 0.706933 0.00005 NA NA NA NA NA 
LF112b_17-B-4 0.707084 0.00011 NA NA NA NA NA 
LF112b_17-B-5 0.707007 0.00009 NA NA NA NA 1.35E-05 
LF112b_17-B-6 0.707112 0.00009 NA NA NA NA NA 
LF112t_9-D-26 0.707179 0.00007 NA NA NA NA 3.45E-05 
LF112t_9-D-29 0.707368 0.00005 NA NA NA NA NA 
LF120_7-F-20 0.707274 0.00005 NA NA NA NA NA 
LF120_7-F-21 0.707293 0.00004 NA NA NA NA NA 
LF120_7-F-22 0.707152 0.00004 NA NA NA NA NA 
LF120_7-F-23 0.707298 0.00006 NA NA NA NA NA 
LF125_17-A-7 0.707203 0.00008 NA NA NA NA 3.19E-05 
LF125_17-A-8 0.70709 0.00007 NA NA NA NA 4.88E-05 
LF125_17-A-9 0.707128 0.00006 NA NA NA NA 2.48E-05 
LF125_17-A-10 0.707161 0.00006 NA NA NA NA NA 
LF125_17-A-11 0.707257 0.00006 NA NA NA NA 1.16E-05 
LF130_8-I-13 0.707209 0.00008 NA NA NA NA NA 
LF130_8-I-14 0.707281 0.00008 NA NA NA NA NA 
LF130_8-I-15 0.707208 0.00007 NA NA NA NA NA 
LF130_8-G-19 0.707148 0.00005 NA NA NA NA 2.26E-05 
LF130_8-G-20 0.707182 0.00005 NA NA NA NA NA 
LF130_8-G-22 0.707127 0.00007 NA NA NA NA NA 
LF131_16-B-20 0.707381 0.00006 NA NA NA NA NA 




Table C-7: Whole-rock Sr isotope results for TIMS analyses of host rocks from orogenic scheelite deposits in the Otago Schist, including results of analyses from Farmer (2015), Wilson (2017), Scanlan et al. 
(2018) and Wellnitz et al. (2019). HWS = hanging wall shear, HW = hanging wall, sb = sclicified breccia, g = undifferentiated greyschist, psa = psammite, pel = pellite, arg = argillite, gwy = greywacke  
 
Sample Terrane Rock Type Rb Sr 87Sr/86 Sr 2SE est 87Rb/86Sr 87Sr/86Sr(105) 87Sr/86Sr(135) 87Sr/86Sr(180) 
Boanerges Peak           
BNG7A R arg 121 258 0.712118 0.000013 1.36 0.71009 0.70951 0.70864 
BNG8A R arg 150 164 0.713145 0.000010 2.01 0.71014 0.70928 0.70799 
BNG9A R arg 63 346 0.715370 0.000011 2.64 0.71143 0.71031 0.70862 
BNG10A R gs   0.715346 0.000011 3.31 0.71041 0.70900 0.70688 
BNG7B R gwy 146 209 0.709386 0.000014 0.52 0.70861 0.70839 0.70805 
BNG8B R gwy 58 324 0.709523 0.000012 0.52 0.70874 0.70852 0.70819 
BNG9B R gwy 42 249 0.709576 0.000012 0.49 0.70884 0.70864 0.70832 
BNG10B R gs   0.706917 0.000014 0.40 0.70632 0.70615 0.70589 
Macraes (Farmer 2015)           
LF65.1 R HW 108 161 0.711309 0.000013 1.93 0.70844 0.70761 0.70638 
LF67.1 R HW 71 360 0.709092 0.000011 0.57 0.70824 0.70800 0.70763 
LF47 R HWS 103 139 0.712393 0.000012 2.14 0.70921 0.70829 0.70693 
LF152 R HWS 248 140 0.715998 0.000017 5.08 0.70841 0.70625 0.70299 
LF140 R HWS 173 317 0.710830 0.000023 1.57 0.70849 0.70782 0.70681 
LF77 R pel 125 53 0.721159 0.000013 6.82 0.71099 0.70808 0.70371 
LF68 R pel 221 95 0.721536 0.000011 6.66 0.71160 0.70876 0.70450 
LF78 R pel 109 101 0.714144 0.000010 3.08 0.70955 0.70823 0.70626 
LF09 R psa 112 67 0.716172 0.000011 4.81 0.70899 0.70694 0.70385 
LF34.1 R psa 110 115 0.713280 0.000010 2.75 0.70918 0.70801 0.70625 
LF71 R psa 125 117 0.713283 0.000013 3.06 0.70872 0.70742 0.70546 
LF39 R psa 98 434 0.708959 0.000014 0.65 0.70799 0.70772 0.70730 
LF153 R psa 149 78 0.718293 0.000029 5.47 0.71013 0.70780 0.70429 
LF146.1 R psa 136 531 0.708836 0.000020 0.74 0.70774 0.70742 0.70695 
LF10 R sb 166 296 0.710717 0.000011 1.61 0.70831 0.70763 0.70660 
LF53 R sb 156 478 0.709796 0.000012 0.94 0.70840 0.70800 0.70740 
Bendigo (Wilson 2017)           
AL10 R g 94 388 0.709371 0.000120 0.70 0.70833 0.70803 0.70758 
AL9 R pel 108 206 0.710853 0.000140 1.52 0.70859 0.70794 0.70697 
LN2 R pel 185 319 0.712444 0.000170 1.68 0.70994 0.70922 0.70815 
Glenorchy (Scanlan 2019)           
BNJ8 C gs 95 312 0.706718 0.000120 0.88 0.70540 0.70502 0.70446 
JT2 C gs 35 499 0.704984 0.000120 0.20 0.70468 0.70460 0.70447 
JT3 C pel 97 762 0.705331 0.000110 0.37 0.70478 0.70463 0.70439 
BNJ7 C psa 93 129 0.710087 0.000150 2.09 0.70697 0.70608 0.70474 
JT1 C psa 70 494 0.705519 0.000110 0.41 0.70491 0.70474 0.70448 
Shotover (Wellnitz 2017)           
AD1C2 A g 87 209 0.70831 0.000032 1.20 0.70651 0.70600 0.70523 
BD180.6-2WR A g 91 252 0.71017 0.000013 1.04 0.70861 0.70817 0.70750 




D. Canaan Downs - Batemans Creek 
Table D-1: LAICPMS trace element results of scheelite analyses from Canaan Downs (CAN) and Batemans Creek (BAT). H2SE = 2 standard error greater than 40% of the measured concentration, PkSch = 
Poikiloblastic scheelite grains. Cg = Canaan Granodiorite, DG = Dunphy Granite, GG = Greenland Group.   
Analysis ID Session Host Texture 
Core/ 
Rim Grain Comments Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
                                  
CAN2Aa - 1 1 CG 1 R 1  187 19 6.9 < 19 23.2 < 0.24 730 361 30.5 40.6 17.0 153 47.6 361 159.3 62.6 166.2 24.7 132 21.6 42.7 3.6 11.9 0.9 < 0.022 0.04 H2SE 
CAN2Aa - 2 1 CG 1 C 1  213 38 7.9 < 25 30.5 < 0.24 706 304 22.2 94.6 17.3 133 41.0 297 132.4 52.4 138.6 20.6 112 18.3 34.4 2.9 9.3 0.7 32.4 0.60 H2SE 
CAN2Aa - 3 1 CG 1 C 2  174 46 6.9 < 18 26.8 < 0.18 532 407 22.3 46.7 45.4 355 88.6 549 183.8 70.8 171.4 24.8 133 21.7 43.8 3.9 13.3 1.0 < 0.032 0.06 H2SE 
CAN2Aa - 4 1 CG 1 R 3  < 63 < 15 6.3 < 17 32.2 < 0.21 892 446 23.4 74.1 21.4 176 52.2 392 185.5 72.0 213.2 32.7 176 28.5 53.0 4.3 14.6 1.1 H2SE 0.03 H2SE 
CAN2Aa - 5 1 CG 1 C 4  < 52 < 22 10.7 < 20 22.4 < 0.27 758 406 25.5 55.6 14.8 127 37.2 266 124.6 59.4 145.6 24.3 137 22.4 44.2 3.9 13.2 1.0 H2SE 0.12 H2SE 
CAN2Aa - 6 1 CG 1 C 3  189 33 5.9 < 22 27.1 H2SE 510 423 20.6 45.3 57.4 442 110.0 687 219.0 77.6 198.0 26.6 141 22.6 44.4 3.8 12.8 1.0 < 0.04 < 0.032 H2SE 
CAN2Aa - 7 1 CG 1 C 4  < 79 37 8.2 < 19 22.1 H2SE 537 221 36.2 96.4 69.2 447 99.2 578 153.9 51.4 131.1 16.6 83 13.5 27.5 2.3 8.3 0.7 H2SE 0.07 H2SE 
CAN2Aa - 8 1 CG 1 R 4  < 85 39 10.0 < 19 19.0 < 0.2 367 182 20.9 60.3 82.8 508 104.4 532 133.6 50.0 98.1 12.8 61 9.4 18.4 1.6 5.7 0.5 351.0 0.12 H2SE 
CAN2Aa - 9 1 CG 1 C 3  193 40 6.7 < 24 23.8 H2SE 708 430 22.9 64.0 19.8 168 47.7 335 145.4 65.5 170.6 27.4 150 24.8 49.6 4.4 15.0 1.2 8.2 0.08 0.0 
CAN2Aa - 10 1 CG 1 C 5  134 38 7.3 25.0 17.8 < 0.24 654 394 23.3 46.8 29.7 231 58.7 381 142.1 70.6 150.3 23.0 123 20.0 38.9 3.3 11.3 0.9 67.7 0.20 H2SE 
CAN2Aa - 11 1 CG 1 R 6  94 H2SE 7.8 H2SE 40.2 H2SE 1125 652 23.0 84.6 42.1 349 99.8 700 286.8 113.8 302.5 45.4 238 38.6 74.5 6.3 21.2 1.6 H2SE 0.06 
< 
0.0042 
CAN2Aa - 12 1 CG 1 R 7  272 50 7.8 H2SE 23.1 H2SE 569 650 12.6 73.1 53.6 377 84.3 476 153.8 83.7 159.2 25.8 149 25.2 55.3 5.7 21.9 1.7 < 0.028 H2SE H2SE 
CAN2Aa - 13 1 CG 1 R 8  151 63 8.3 < 27 24.4 < 0.38 550 774 8.7 74.3 164.0 1060 226.0 1060 299.0 132.0 219.0 30.6 153 26.2 51.0 5.2 19.8 1.5 92.0 H2SE 0.1 
CAN2Aa - 14 1 CG 1 R 9  343 35 6.7 H2SE 87.2 H2SE 1340 806 64.8 66.5 59.9 456 123.7 845 327.9 122.3 331.6 52.0 283 46.5 94.1 8.3 32.3 2.6 7.6 0.23 0.1 
CAN2Aa - 15 1 CG 1 R 9  248 67 9.0 < 17 21.3 < 0.28 402 679 15.5 59.8 51.8 400 88.7 483 162.1 82.0 156.7 25.9 148 25.1 57.7 6.5 27.6 2.4 H2SE H2SE H2SE 
CAN2Aa - 16 1 CG 1 R 9  118 47 12.4 < 25 22.2 < 0.35 408 H2SE 19.1 59.2 42.1 352 79.1 424 158.0 87.0 178.0 32.0 195 H2SE H2SE H2SE H2SE H2SE H2SE H2SE H2SE 
CAN2Aa - 17 1 CG 1 R 10  < 110 28 9.0 21.7 22.9 < 0.17 698 446 29.5 53.6 58.5 424 106.5 657 203.3 87.6 187.2 28.7 151 25.9 52.0 4.7 16.5 1.3 14.8 0.07 H2SE 
CAN2Aa - 18 1 CG 1 R 10  245 27 6.2 29.4 31.8 < 0.19 913 422 21.1 83.9 35.4 257 67.8 461 176.7 80.3 189.0 29.0 149 23.9 44.8 3.5 11.2 0.8 17.1 H2SE 
< 
0.0039 
CAN2Aa - 19 1 CG 1 R 11  234 41 8.6 H2SE 33.6 < 0.2 759 471 24.2 68.8 30.8 211 58.3 392 165.8 75.6 187.9 31.0 165 27.1 54.0 4.5 16.1 1.3 780.0 0.21 0.1 
CAN2Aa - 20 1 CG 1 R 11  304 37 5.9 27.7 23.0 < 0.22 729 629 26.9 62.7 35.1 265 66.9 423 164.8 84.8 193.5 32.3 176 29.2 60.4 5.6 20.6 1.5 17.9 0.11 H2SE 
CAN2Aa - 21 1 CG 1 R 12  H2SE 30 7.5 < 20 27.0 < 0.21 702 802 31.0 83.7 40.9 323 85.0 566 229.5 116.4 274.8 46.4 255 43.0 87.4 7.7 27.4 2.1 H2SE H2SE H2SE 
CAN2Aa - 22 1 CG 1 R 13  < 88 49 10.4 H2SE 27.8 2.1 783 917 21.7 69.6 52.7 426 107.3 680 258.3 134.7 293.0 48.6 272 45.9 94.6 8.8 32.6 2.7 1910.0 H2SE H2SE 
CAN2Ab - 1 1 CG 1 R 1  172 41 9.6 < 21 23.2 H2SE 491 328 22.7 44.5 89.7 587 127.0 699 197.0 76.8 171.3 23.2 118 18.9 39.7 3.5 13.3 1.2 < 0.081 0.04 H2SE 
CAN2Ab - 2 1 CG 1 C 1  213 H2SE 7.0 < 15 37.0 < 0.29 1039 393 22.8 71.2 10.2 94 31.9 266 145.4 59.7 179.7 29.7 160 26.4 52.0 4.1 13.8 1.0 H2SE < 0.026 
< 
0.0055 
CAN2Ab - 3 1 CG 1 R 2  < 94 19 7.0 < 16 39.7 H2SE 1074 525 25.2 72.2 33.9 266 77.1 557 237.6 95.1 265.2 39.2 200 32.0 58.5 4.8 15.5 1.2 H2SE < 0.016 H2SE 
CAN2Ab - 4 1 CG 1 C 2  < 170 67 10.4 < 19 13.4 < 0.22 437 390 9.5 72.5 81.5 506 90.3 394 96.9 58.6 84.5 13.6 78 13.5 32.1 3.8 17.4 1.5 < 0.048 0.07 0.0 
CAN2Ab - 5 1 CG 1 R 3  203 74 10.3 < 23 19.4 H2SE 427 729 12.8 76.4 86.2 631 124.0 578 152.3 89.4 145.4 23.3 134 23.9 59.8 7.4 35.1 3.1 < 0.082 0.04 0.0 
CAN2Ab - 6 1 CG 1 C 4  < 120 29 8.4 < 20 22.3 < 0.23 555 488 9.9 58.4 35.0 285 71.8 437 149.4 70.3 146.3 22.2 117 18.6 36.0 3.6 12.4 0.9 H2SE 0.15 H2SE 
CAN2Ab - 7 1 CG 1 R 5  < 180 81 8.4 < 19 16.9 H2SE 460 667 10.6 86.1 97.3 538 100.1 496 126.8 74.8 121.0 20.6 123 22.2 52.3 5.9 25.5 2.1 < 0.053 0.11 0.1 
CAN2Ab - 8 1 CG 1 R 6  < 79 24 9.5 < 21 27.7 H2SE 746 923 29.8 74.9 44.2 399 99.9 626 248.4 122.5 302.7 50.4 283 46.9 94.7 8.9 32.6 2.7 H2SE 0.03 H2SE 
CAN2Ab - 9 2 CG 1 R 7  < 130 28 8.9 13.2 30.5 < 0.3 658 644 30.4 70.2 21.2 186 51.8 366 168.6 83.4 207.6 35.2 198 32.3 65.8 5.9 20.3 1.5 2.4 0.04 0.0 
CAN2Ab - 10 2 CG 1 C 8  < 110 31 10.5 13.8 31.8 < 0.17 729 500 27.1 70.3 17.2 143 40.0 289 138.3 62.3 176.8 30.7 174 28.4 57.6 5.0 17.3 1.3 30.9 0.09 0.0 
CAN2Ab - 11 2 CG 1 R 9  < 100 37 9.3 < 16 26.3 0.2 648 720 24.5 86.7 47.2 374 90.1 556 200.7 98.5 220.1 36.1 204 34.3 73.4 6.8 25.6 2.0 3.7 0.05 0.0 
CAN2Ab - 12 2 CG 1 R 10  < 120 72 12.5 < 14 18.4 0.2 483 561 9.4 48.5 89.8 621 127.3 665 196.4 94.2 184.0 27.4 148 23.9 52.3 5.5 22.7 1.8 < 0.038 0.07 0.0 
CAN2Ab - 13 2 CG 1 R 11  < 110 41 7.9 < 14 20.1 < 0.23 606 455 9.0 58.7 57.8 425 95.8 541 168.3 81.7 152.1 21.8 111 16.2 31.4 2.8 9.5 0.6 H2SE 0.03 H2SE 
198 
Analysis ID Session Host Texture 
Core/ 
Rim Grain Comments Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
CAN2Ab - 14 2 CG 1 C 12  110 50 9.1 < 18 21.1 < 0.23 493 542 12.3 75.3 44.5 344 75.3 402 131.8 72.9 133.8 21.8 123 20.5 47.5 5.1 21.0 1.7 H2SE 0.03 0.0 
CAN2Ab - 15 2 CG 1 C 12  201 43 6.1 < 17 20.8 < 0.25 638 359 10.7 63.2 14.4 111 26.5 159 65.6 38.7 73.6 13.8 83 14.2 33.5 3.6 14.5 1.1 < 0.046 0.03 H2SE 
CAN2Ab - 16 2 CG 1 R 12  164 59 8.3 < 13 26.6 < 0.19 654 669 11.7 100.9 83.8 525 117.3 689 229.0 104.7 226.0 34.7 183 29.1 59.6 5.3 19.4 1.4 H2SE 0.12 0.0 
CAN2Ab - 17 2 CG 1 R 12  402 26 5.9 < 15 41.1 0.4 991 679 25.3 73.8 36.4 308 88.6 636 274.8 108.4 298.7 46.1 246 39.7 78.9 6.6 23.0 1.7 H2SE 0.02 H2SE 
CAN2Ab - 18 2 CG 1 R 12  215 H2SE 5.9 16.7 25.8 0.3 784 342 18.7 71.9 58.0 383 93.0 520 165.0 67.2 154.0 22.2 118 18.9 37.3 3.0 10.4 0.8 115.0 1.16 H2SE 
CAN2Ab - 19 2 CG 1 R 13  284 36 4.7 < 13 25.7 0.2 812 388 18.1 75.5 41.9 288 68.2 418 144.1 67.8 149.4 22.5 123 19.6 38.5 3.2 10.5 0.8 H2SE < 0.021 H2SE 
CAN2Ab - 20 2 CG 1 R 13  156 24 8.0 < 12 42.9 < 0.29 1083 657 24.7 74.0 45.0 381 107.0 752 304.0 113.3 317.0 46.1 242 38.5 74.2 6.0 21.1 1.6 2.8 0.04 0.0 
CAN2Ab - 21 2 CG 1 C 13  317 26 6.0 15.9 38.8 < 0.25 1075 565 22.7 75.3 77.0 550 148.0 970 340.0 120.6 314.0 43.8 215 32.8 61.5 4.9 16.4 1.3 76.0 H2SE 0.1 
CAN2Ab - 22 2 CG 1 R 14  H2SE 47 8.9 < 15 23.8 < 0.18 516 765 11.8 69.2 81.1 541 112.9 582 173.9 97.0 175.3 28.9 167 29.2 67.1 7.1 29.4 2.4 < 0.04 0.05 0.0 
CAN2Ab - 23 2 CG 1 R 14  300 25 5.7 17.1 26.4 0.3 1216 337 29.8 100.0 15.9 124 34.1 251 121.8 54.3 147.7 24.0 126 19.0 34.5 2.7 8.7 0.6 14.6 0.04 0.0 
CAN2Ab - 24 2 CG 1 R 15  261 54 9.2 17.5 17.8 < 0.2 526 148 21.3 91.6 25.5 208 55.5 341 109.4 40.2 89.3 11.8 56 8.7 16.6 1.4 4.9 0.4 20.0 0.30 H2SE 
CAN2Ab - 25 2 CG 1 C 15  144 48 11.8 < 14 21.4 < 0.22 443 147 33.4 55.2 68.7 470 102.9 556 141.5 44.3 103.8 12.1 55 8.6 16.8 1.4 4.8 0.4 <  0.02 
< 
0.0074 
CAN2Ac - 1 2 CG 1 R 1  145 36 7.7 15.0 20.4 < 0.16 747 332 15.3 93.3 45.2 314 75.5 441 143.2 61.9 137.7 20.4 109 17.9 36.3 3.1 10.7 0.8 11.3 H2SE H2SE 
CAN2Ac - 2 2 CG 1 C 1  193 71 8.0 15.5 18.7 < 0.3 669 211 11.5 147.8 90.1 491 87.4 371 78.8 37.6 61.6 9.2 50 8.8 20.0 2.1 8.9 0.8 37.1 H2SE 0.0 
CAN2Ac - 3 2 CG 1 C 1  < 77 29 9.1 < 14 26.6 < 0.2 793 298 18.9 81.3 34.6 259 72.9 489 190.5 64.8 183.5 25.3 125 19.5 37.0 2.9 10.8 0.8 61.4 0.15 0.0 
CAN2Ac - 4 2 CG 1 R 2  155 39 6.3 < 18 24.8 < 0.25 822 248 14.9 72.5 22.0 164 43.9 279 97.0 42.2 90.4 13.7 75 12.1 26.0 2.3 8.0 0.6 H2SE H2SE H2SE 
CAN2Ac - 5 2 CG 1 R 3  237 40 7.1 H2SE 22.6 < 0.31 593 385 16.7 67.8 47.5 326 77.2 452 145.4 64.8 142.3 21.9 120 20.0 40.8 3.6 12.8 1.0 11.5 H2SE H2SE 
CAN2Ac - 6 2 CG 1 R 3  159 31 7.4 < 13 26.1 < 0.26 761 415 19.7 68.6 54.8 396 98.6 625 204.6 77.3 197.5 28.0 147 24.4 49.8 4.2 14.9 1.2 H2SE H2SE H2SE 
CAN2Ac - 7 2 CG 1 R 3  189 84 9.5 < 16 27.7 0.2 566 485 31.9 133.5 109.7 752 171.2 965 239.1 83.3 198.1 26.2 134 22.4 47.2 4.3 16.7 1.4 26.6 0.19 0.0 
CAN2Ac - 8 2 CG 1 C 3  326 50 6.1 14.6 24.0 < 0.16 595 398 18.2 69.1 53.7 369 85.9 498 158.4 67.3 154.2 23.3 125 21.2 43.3 3.8 13.7 1.0 < 0.03 0.03 0.0 
CAN2Ac - 9 2 CG 1 R 3  212 39 7.1 17.7 29.2 < 0.28 723 496 20.1 68.8 57.2 434 109.7 700 224.1 85.0 216.0 31.0 165 27.5 57.7 5.0 17.9 1.5 6.1 0.03 H2SE 
CAN2Ac - 10 2 CG 1 C 3  389 35 6.3 < 11 44.8 0.3 1004 751 23.5 75.5 58.9 469 125.8 828 308.9 123.3 313.9 46.8 246 40.2 80.5 7.1 25.5 2.0 5.9 0.02 0.0 
CAN2Ac - 11 2 CG 1 R 4  233 31 6.3 < 13 34.5 < 0.23 772 539 23.5 58.8 43.6 332 89.1 605 233.0 98.0 245.9 36.6 193 31.2 60.2 5.0 17.0 1.3 < 0.018 0.02 H2SE 
CAN2Ac - 12 2 CG 1 R 3  289 33 6.2 16.2 34.1 0.3 1166 602 21.5 77.6 43.9 350 97.6 679 269.0 106.0 282.3 41.7 216 34.7 67.2 5.4 18.9 1.4 3.0 0.02 
< 
0.0036 
CAN2Ac - 13 2 CG 1 R 3  324 45 7.2 15.8 22.2 0.3 629 408 29.2 46.0 51.1 375 94.0 598 198.1 76.3 190.4 26.9 140 23.3 46.9 4.0 13.5 1.0 12.5 H2SE 0.0 
CAN2Ac - 14 2 CG 1 R 5  < 110 68 12.9 H2SE 63.4 < 0.25 578 462 48.4 137.1 96.8 657 143.5 792 191.4 65.6 159.7 21.9 118 21.4 48.4 4.9 20.4 1.9 17.4 0.07 0.0 
CAN2Ad - 1 2 CG 1 R 1  98 33 9.4 < 9.4 25.1 < 0.34 612 526 39.4 59.6 36.8 293 76.9 507 206.8 93.5 221.1 33.9 183 29.4 57.1 4.8 16.0 1.2 H2SE 0.04 0.0 
CAN2Ad - 2 2 CG 1 R 2  H2SE 35 9.0 < 11 19.4 < 0.28 623 441 24.0 46.5 37.2 275 68.4 393 140.4 74.9 150.9 24.1 131 21.2 42.5 3.8 13.1 1.0 H2SE 0.03 0.0 
CAN2Ad - 3 2 CG 1 C 1  72 38 9.8 < 12 19.4 < 0.18 610 501 23.0 39.1 43.7 326 78.8 473 167.9 90.5 171.3 27.4 148 23.9 48.4 4.3 14.6 1.0 H2SE 0.03 H2SE 
CAN2Ad - 4 2 CG 1 R 3  91 31 11.8 25.7 19.8 < 0.16 562 487 19.8 51.9 44.6 319 74.2 437 151.5 86.5 157.8 25.0 138 22.9 47.2 4.3 15.9 1.1 29.7 0.21 0.0 
CAN2Ad - 5 2 CG 1 R 4  158 36 8.9 H2SE 17.5 < 0.23 594 443 22.3 46.1 42.5 307 71.4 417 143.0 76.5 145.9 23.1 126 20.8 41.8 3.8 13.4 1.0 8.7 0.04 0.0 
CAN2Ad - 6 2 CG 1 R 3  189 31 7.6 14.9 39.1 < 0.27 687 577 28.4 65.2 43.2 340 93.3 659 263.6 105.2 284.5 41.3 212 33.9 64.8 5.3 17.7 1.4 < 0.039 H2SE 0.0 
CAN2Ad - 7 2 CG 1 C 3  153 37 8.8 < 15 24.8 < 0.29 761 429 24.0 51.1 68.0 460 106.0 620 197.0 90.5 193.0 28.2 145 22.8 42.2 3.5 11.2 0.8 6.4 H2SE 0.0 
CAN2Ad - 8 2 CG 1 R 3  194 22 8.6 < 13 36.0 H2SE 1052 745 15.1 70.6 64.8 487 122.6 736 241.1 124.0 232.7 36.4 202 34.2 74.3 6.9 26.4 2.0 2.1 0.03 0.0 
CAN2Ad - 9 2 CG 1 R 5  193 43 9.3 22.7 22.1 0.2 761 374 19.5 59.5 42.3 250 66.0 422 168.8 68.5 182.8 27.4 142 22.0 40.9 3.4 12.0 0.9 214.0 H2SE 0.0 
CAN2Ad - 10 2 CG 1 R 6  95 22 8.1 < 15 33.7 < 0.18 1167 467 22.1 69.6 41.7 312 84.5 594 240.0 93.1 259.0 36.9 188 29.0 53.1 4.2 13.2 1.0 2.3 < 0.016 H2SE 
CAN2Ad - 11 2 CG 1 C 6  221 40 7.7 20.9 32.6 0.3 911 402 22.4 68.0 26.1 183 53.4 389 173.2 71.4 194.4 30.0 161 25.9 50.7 4.3 14.8 1.2 88.0 0.82 0.0 
CAN2Ad - 12 2 CG 1 C 6  177 24 7.3 16.4 28.2 < 0.19 809 390 21.0 51.3 19.8 163 48.0 364 162.1 68.8 185.1 28.7 155 24.7 46.8 3.8 13.0 1.0 H2SE < 0.018 H2SE 
CAN2Ad - 13 2 CG 1 C 5  124 28 10.1 H2SE 25.0 < 0.22 797 394 24.1 55.4 21.2 163 42.4 290 126.0 64.5 149.7 24.9 140 22.8 45.8 3.9 12.9 0.9 H2SE 0.02 H2SE 
CAN2Ad - 14 2 CG 1 R 5  163 28 8.8 H2SE 35.1 H2SE 1113 453 20.6 75.9 30.4 231 64.7 467 201.2 82.7 227.8 34.2 180 28.3 52.9 4.1 13.1 1.0 21.3 0.11 H2SE 
CAN2Ad - 15 2 CG 1 C 7  77 48 11.5 < 17 19.6 < 0.19 864 346 26.7 118.2 65.3 443 95.0 495 120.8 52.3 103.4 15.3 88 15.5 36.7 3.8 15.8 1.4 5.7 0.04 0.0 
CAN2Ad - 16 2 CG 1 R 7  80 24 11.8 < 16 24.8 0.2 929 366 26.6 47.4 54.3 399 99.7 636 208.2 77.7 198.9 27.8 147 23.6 46.1 3.9 13.1 1.0 < 0.019 0.02 0.0 
CAN2Ad - 17 2 CG 1 C 8  262 62 9.4 30.3 16.3 0.4 1104 103 12.8 79.4 22.2 140 34.4 200 64.7 25.2 55.7 7.9 42 6.3 11.7 1.0 3.6 0.2 64.0 0.52 0.0 
199 
 
Analysis ID Session Host Texture 
Core/ 
Rim Grain Comments Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
CAN2Ad - 18 2 CG 1 R 8  207 53 11.1 20.6 20.5 < 0.21 1020 245 15.8 67.7 31.9 231 59.7 373 126.4 50.2 119.8 17.7 97 15.3 30.1 2.6 9.1 0.7 27.6 0.35 H2SE 
CAN2Ad - 19 2 CG 1 C 9  < 440 <  <  < 2200 23.3 1.3 4670 164 23.0 72.3 28.2 178 43.5 269 85.8 31.5 80.8 10.5 54 7.8 15.0 1.2 3.6 0.3 < 0.17 < 0.13 < 0.063 
CAN2Ad - 20 2 CG 1 R 9  < 66 41 21.0 26.7 26.0 1.1 17110 194 14.3 66.2 41.7 284 67.0 416 126.6 48.5 117.9 16.6 89 14.0 27.0 2.2 7.7 0.7 H2SE < 0.029 < 0.015 
CAN2Ad - 21 2 CG 1 C 9  < 61 42 26.8 29.8 67.3 1.0 H2SE 338 13.8 62.5 29.7 232 63.8 426 165.8 74.2 168.5 26.3 150 23.4 47.6 4.2 15.6 1.4 36.5 H2SE < 0.019 
CAN2Ad - 22 2 CG 1 C 10  < 54 53 36.8 28.5 20.6 0.9 <  131 15.9 37.0 43.8 248 61.3 345 97.8 34.6 85.3 11.6 62 9.5 18.8 1.5 5.3 0.5 44.6 1.65 < 0.032 
CAN2Ad - 23 2 CG 1 C 10  < 44 66 59.9 173.0 15.4 0.8 <  71 18.8 63.0 59.8 339 67.0 335 77.0 25.4 56.8 6.9 34 5.1 9.8 0.8 3.0 0.3 10.9 0.74 0.0 
CAN2Ad - 24 2 CG 1 C 10  < 33 26 42.0 H2SE 33.7 0.8 <  390 22.9 49.3 30.5 247 69.8 506 207.2 82.1 233.0 35.3 198 31.0 59.3 5.0 16.8 1.6 < 0.25 H2SE H2SE 
CAN2Ad - 25 2 CG 1 R 10  < 17 28 49.4 H2SE 34.6 0.6 <  476 17.3 62.9 38.5 333 96.4 710 282.2 107.3 304.0 45.8 248 38.1 73.1 6.0 20.8 2.0 H2SE H2SE H2SE 
CAN2Ad - 26 2 CG 1 C 10  <  47 95.2 78.0 27.1 0.8 
< 
0.0048 
123 18.2 60.0 31.3 190 44.1 266 87.2 32.5 88.7 12.9 72 10.5 20.3 1.7 5.6 0.5 60.2 0.70 0.0 
CAN2Ad - 27 2 CG 1 R 10  <  34 85.0 18.0 35.3 0.7 < 0.014 369 17.1 81.9 27.6 243 72.7 530 221.5 85.3 242.8 36.0 200 30.1 59.1 5.0 17.2 1.7 H2SE H2SE H2SE 
CAN2Ad - 28 2 CG 1 R 11  <  79 139.0 43.0 21.0 0.9 < 0.025 40 25.0 84.7 37.6 209 44.9 225 49.1 15.3 41.9 4.6 23 3.4 6.7 0.6 2.0 0.2 60.9 0.81 H2SE 
CAN2Ad - 29 2 CG 1 C 11  < 770 59 284.0 29.0 22.2 0.8 < 0.035 54 23.3 80.2 37.3 230 50.2 271 65.9 21.2 55.4 6.3 31 4.7 8.6 0.8 2.9 0.3 52.0 0.94 0.0 
CAN2Ad - 30 2 CG 1 R 12  < 520 H2SE 284.9 H2SE 33.2 0.7 < 0.045 392 17.6 80.2 47.2 354 92.3 613 219.5 96.7 242.9 37.3 204 31.1 59.9 4.8 16.1 1.5 < 0.028 0.06 
< 
0.0071 
CAN2Ae - 1 3 CG 1 R 1  134 48 10.5 < 15 20.6 < 0.15 502 254 26.3 39.8 62.3 430 99.0 595 189.5 67.0 164.7 21.1 103 15.6 30.1 2.5 8.4 0.6 H2SE 0.03 0.0 
CAN2Ae - 2 3 CG 1 C 1  150 61 10.5 < 11 20.4 0.2 406 382 21.5 41.8 69.7 527 125.8 754 221.0 79.2 190.2 24.7 124 20.1 40.8 3.5 12.8 1.0 < 0.067 0.04 0.0 
CAN2Ae - 3 3 CG 1 R 1  196 30 7.8 < 11 25.1 0.2 792 322 17.7 66.8 32.8 239 65.4 430 154.8 63.1 153.5 21.9 117 18.9 37.2 3.1 10.3 0.8 H2SE 0.08 H2SE 
CAN2Ae - 4 3 CG 1 R 2  109 29 8.7 < 10 21.9 < 0.17 736 361 18.5 76.8 50.0 352 82.6 509 161.9 66.9 152.6 22.4 120 19.8 40.3 3.4 12.1 0.9 H2SE 0.04 H2SE 
CAN2Ae - 5 3 CG 1 R 3  187 37 7.1 < 11 20.3 < 0.16 822 162 23.7 87.7 17.9 129 35.4 252 94.5 32.7 92.5 13.3 69 10.9 20.7 1.7 5.3 0.4 H2SE 0.02 H2SE 
CAN2Ae - 5 
deep 
3 CG 1 R 3  180 H2SE 8.0 < 20 23.1 < 0.29 825 163 26.3 91.1 H2SE 212 50.0 314 103.0 36.8 97.8 13.1 67 10.4 20.0 1.7 5.0 0.4 H2SE H2SE H2SE 
CAN2Ae - 6 3 CG 1 R 4  271 49 8.1 12.1 25.4 0.2 846 241 27.6 81.4 30.3 219 58.3 402 142.5 49.6 139.8 19.6 101 16.4 30.9 2.4 8.2 0.6 H2SE 0.03 0.0 
CAN2Ae - 7 3 CG 1 R 5  188 52 8.1 14.3 17.3 < 0.16 983 205 18.9 72.6 29.7 218 56.4 365 121.4 44.0 113.2 15.6 82 13.4 27.6 2.5 9.4 0.8 53.3 0.32 0.0 
CAN2Ae - 8 3 CG 1 R 6  151 31 7.7 < 11 25.8 0.2 782 421 19.3 67.4 44.5 336 89.1 612 219.0 80.4 219.6 30.6 162 26.4 52.0 4.3 14.6 1.2 28.0 H2SE 0.0 
CAN2Ae - 9 3 CG 1 R 7  219 33 7.7 < 10 27.2 0.2 773 446 21.3 72.2 46.7 359 90.6 590 193.8 77.4 186.1 27.1 146 24.2 50.2 4.5 16.2 1.3 H2SE 0.03 0.0 
CAN2Ae - 10 3 CG 1 R 8  192 33 6.9 < 9.6 26.0 0.2 811 501 19.7 67.6 56.6 434 111.8 733 243.8 90.7 233.5 33.2 176 28.9 58.6 5.1 18.0 1.4 H2SE 0.01 0.0 
CAN2Ae - 11 3 CG 1 C 8  200 33 8.6 < 11 25.9 H2SE 607 335 18.5 80.6 23.0 191 51.8 347 133.5 59.5 134.5 20.9 117 19.3 40.4 3.5 12.3 0.9 14.7 0.08 H2SE 
CAN2Ae - 12 3 CG 1 R 8  131 38 9.3 < 10 15.6 < 0.19 612 168 26.3 119.9 64.8 376 88.1 563 167.6 50.8 137.8 14.8 68 10.0 18.3 1.4 5.1 0.5 28.3 H2SE H2SE 
CAN2Ae - 13 3 CG 1 C 8  164 40 9.5 < 9.2 21.9 < 0.2 590 305 22.2 46.4 59.2 418 99.2 585 193.8 68.9 178.8 23.5 118 18.5 35.4 2.9 9.7 0.7 H2SE 0.03 H2SE 
CAN2Ae - 14 3 CG 1 C 8  152 39 8.9 < 8.9 19.1 < 0.18 588 301 31.1 38.5 52.5 375 89.2 553 188.3 66.9 171.7 23.0 117 18.7 37.4 3.0 10.4 0.8 H2SE 0.03 0.0 
CAN2Ae - 15 3 CG 1 R 9  130 72 8.1 18.9 23.5 2.0 730 394 19.2 67.6 50.0 372 94.9 621 213.7 77.2 206.0 28.8 150 24.6 48.5 4.0 13.3 1.1 H2SE 0.03 H2SE 
CAN2Ae - 16 3 CG 1 C 9  205 21 6.3 H2SE 30.5 < 0.22 1067 417 20.7 73.1 29.7 225 62.1 446 191.5 75.2 209.2 31.0 162 25.3 47.1 3.7 12.0 0.9 3.3 0.02 H2SE 
CAN2Ae - 17 3 CG 1 C 9  256 30 8.1 13.7 40.8 < 0.17 1101 734 22.1 79.1 72.9 548 139.5 880 302.7 123.5 290.4 43.6 234 37.5 77.0 6.9 25.0 2.0 126.0 0.11 0.0 
CAN2Ae - 18 3 CG 1 C 10  141 41 9.7 < 9.3 13.4 < 0.095 663 62 15.3 150.2 48.1 262 51.9 273 52.6 20.3 36.9 4.3 21 3.3 6.3 0.5 2.0 0.2 22.8 0.08 H2SE 
CAN2Ae - 19 3 CG 1 R 11  178 29 8.0 33.6 25.7 < 0.18 950 238 19.0 106.9 34.4 199 49.9 315 115.7 47.0 112.4 17.0 90 14.0 27.4 2.3 8.0 0.6 400.0 0.51 0.0 
CAN2Ae - 20 3 CG 1 R 12  190 23 7.7 10.1 28.7 < 0.18 760 386 19.3 54.6 28.5 213 57.0 396 158.6 65.1 172.5 26.1 141 22.7 44.4 3.6 12.2 0.9 H2SE 0.03 H2SE 
CAN2Ae - 21 3 CG 1 R 10  156 34 8.3 < 13 25.4 < 0.16 701 341 17.1 70.7 42.1 293 71.9 447 151.2 60.8 146.0 21.6 118 19.6 39.8 3.4 12.0 0.9 2.7 0.03 0.0 
CAN2Ae - 24 3 CG 1 R 13  153 33 8.5 < 9.9 25.0 < 0.19 676 277 17.1 77.8 46.0 312 75.4 460 151.1 56.2 139.3 19.8 103 16.6 33.5 2.7 9.6 0.8 15.3 0.12 H2SE 
CAN2Ae - 25 3 CG 1 R 14  166 35 7.6 H2SE 25.5 < 0.15 754 260 22.9 67.6 38.1 269 64.6 399 136.8 49.4 127.2 18.2 97 15.9 31.3 2.6 9.2 0.7 6.8 0.02 H2SE 
CAN2Ae - 26 3 CG 1 R 15  161 29 7.4 H2SE 24.9 < 0.15 835 361 18.0 62.9 49.8 353 88.7 576 200.2 73.3 193.4 27.2 142 22.9 43.9 3.5 11.5 0.8 H2SE 0.02 H2SE 
CAN2Ae - 27 3 CG 1 R 16  148 47 9.6 < 8.1 17.8 < 0.19 447 303 19.2 31.0 52.3 377 90.6 565 189.3 67.2 169.7 22.6 116 18.6 36.0 3.0 10.1 0.7 H2SE 0.01 H2SE 
CAN2Ae - 28 3 CG 1 C 16  149 29 7.6 < 11 23.4 < 0.2 734 398 30.3 53.1 50.1 370 93.3 600 198.6 74.8 182.8 26.3 141 23.1 46.5 4.0 14.0 1.0 H2SE 0.03 0.0 
CAN2Ae - 29 3 CG 1 R 17  152 26 6.5 < 9.2 21.0 < 0.15 922 335 19.3 73.9 39.8 285 72.5 471 163.3 62.5 156.1 22.6 119 19.4 38.8 3.2 11.2 0.8 H2SE H2SE H2SE 
CAN2Ae - 30 3 CG 1 C 18  135 47 7.3 H2SE 23.3 < 0.18 631 236 19.4 58.0 29.9 223 54.6 352 118.8 42.7 106.3 15.3 81 12.9 25.9 2.3 7.8 0.6 42.2 0.21 0.0 
200 
Analysis ID Session Host Texture 
Core/ 
Rim Grain Comments Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
CAN2Ae - 31 3 CG 1 R 19  158 26 7.3 < 7.7 20.5 < 0.21 950 207 15.8 69.2 22.5 150 37.3 241 88.0 37.9 86.7 13.2 71 11.3 22.0 1.9 6.2 0.4 11.6 0.08 H2SE 
CAN2Ae - 32 3 CG 1 C 10  147 31 7.5 14.8 24.9 < 0.14 715 370 21.3 64.8 42.3 320 81.8 530 180.1 71.6 172.6 25.0 132 21.0 40.7 3.4 11.5 0.9 H2SE 0.02 0.0 
CAN2Ae - 33 3 CG 1 R 20  135 25 8.0 < 11 28.5 H2SE 1026 540 18.9 79.0 23.3 193 H2SE 443 191.6 78.6 213.7 33.6 184 30.5 61.9 5.1 17.9 1.4 H2SE 0.16 H2SE 
CAN2Ae - 34 3 CG 1 C 20  151 25 6.3 H2SE 21.4 H2SE 913 253 15.9 56.2 35.3 242 60.3 380 123.5 53.1 116.1 16.6 86 13.7 26.9 2.3 7.7 0.6 H2SE H2SE H2SE 
CAN2Ae - 35 3 CG 1 C 20  207 27 7.9 H2SE 34.4 < 0.17 940 631 19.2 76.0 59.0 445 113.0 689 233.0 105.1 225.5 34.0 190 31.0 65.2 5.9 22.1 1.8 H2SE 0.03 H2SE 
CAN2Ae - 36 3 CG 1 C 21  195 41 7.9 H2SE 22.5 H2SE 676 466 20.8 78.9 55.0 416 104.9 667 204.7 79.9 188.4 27.4 147 24.9 52.6 4.8 17.5 1.5 48.0 0.13 0.0 
CAN2Ae - 38 4 CG 1 C 22  244 39 5.6 21.1 22.1 < 0.14 885 271 16.9 68.9 11.2 104 33.0 250 116.7 48.6 125.2 19.6 107 17.3 34.7 2.9 9.8 0.7 4.8 0.03 H2SE 
CAN2Ae - 39 4 CG 1 C 22  127 60 9.0 22.5 28.0 < 0.2 657 515 33.5 144.6 94.3 678 163.5 973 246.0 85.1 210.6 28.3 149 24.9 53.0 4.9 18.8 1.6 H2SE 0.05 0.0 
CAN2Ae - 40 4 CG 1 C 20  161 36 7.6 23.4 23.3 < 0.15 638 344 17.2 79.3 39.2 285 72.7 465 162.0 62.1 157.0 22.7 122 20.2 39.9 3.5 11.6 0.9 6.2 0.13 H2SE 
CAN2Af - 1 4 CG 1 R 1  103 28 8.5 17.6 18.9 < 0.16 654 156 26.8 118.2 61.4 358 79.4 474 129.0 43.3 106.8 12.8 60 9.1 17.3 1.4 4.8 0.4 H2SE 0.03 H2SE 
CAN2Af - 2 4 CG 1 C 1  84 37 8.8 21.2 15.1 < 0.17 615 86 16.1 158.9 69.9 434 99.4 593 112.6 41.0 75.2 6.6 28 4.6 9.3 0.7 2.8 0.3 H2SE 0.05 < 0.019 
CAN2Af - 3 4 CG 1 C 1  80 30 7.4 19.7 15.2 < 0.14 850 43 20.2 231.5 33.7 186 39.8 229 53.5 16.0 38.9 4.1 18 2.5 4.6 0.3 1.3 0.1 H2SE 0.03 
< 
0.0049 
CAN2Af - 4 4 CG 1 C 1  173 28 7.7 18.0 23.9 < 0.13 762 329 29.5 64.7 32.2 245 66.0 450 160.9 63.0 162.8 23.5 126 20.3 41.0 3.3 11.4 0.9 < 0.07 0.03 0.0 
CAN2Af - 5 4 CG 1 C 2  150 36 7.7 13.6 24.7 < 0.15 618 302 26.3 45.9 47.4 332 84.4 556 191.5 66.5 186.2 24.5 123 19.7 36.7 2.7 9.2 0.7 < 0.061 0.07 0.0 
CAN2Af - 6 4 CG 1 C 2  168 24 7.8 < 12 23.9 < 0.21 720 333 22.6 115.0 42.9 314 80.3 521 175.9 66.0 171.6 24.3 127 20.4 39.7 3.3 10.9 0.8 11.1 0.07 0.0 
CAN2Af - 7 4 CG 1 R 2  143 42 9.4 < 14 19.4 < 0.16 459 164 30.5 64.9 89.2 532 108.5 576 133.7 46.1 102.7 12.1 58 9.4 18.8 1.6 5.8 0.5 15.9 0.08 0.0 
CAN2Af - 8 4 CG 1 R 3  76 36 8.4 17.6 12.8 < 0.19 664 70 13.7 153.6 39.5 235 56.1 362 77.3 29.5 56.0 5.6 25 3.9 7.5 0.6 2.2 0.2 49.0 0.16 0.0 
CAN2Af - 9 4 CG 1 R 4  141 36 7.8 15.9 24.6 < 0.17 705 407 20.0 49.6 46.1 346 88.0 556 186.1 73.0 178.9 26.2 141 23.1 46.7 4.0 14.0 1.1 < 0.051 0.02 H2SE 
CAN2Af - 10 4 CG 2 R 5  88 34 8.2 15.9 23.0 < 0.19 723 169 18.7 324.5 24.1 174 46.4 315 107.2 33.2 99.5 13.6 69 10.9 20.6 1.7 5.7 0.4 39.3 0.13 H2SE 
CAN2Af - 11 4 CG 2 R 6  176 45 8.0 11.1 22.4 < 0.19 982 163 19.6 95.4 18.6 140 40.4 287 116.8 37.5 113.4 15.7 77 11.3 19.5 1.5 4.6 0.3 62.0 0.14 0.0 
CAN2Af - 12 4 CG 2 R 7  209 40 8.8 18.0 14.1 < 0.25 738 116 15.9 134.1 42.0 238 54.0 313 79.8 29.9 66.5 8.8 43 6.8 13.4 1.1 3.9 0.3 41.0 0.10 H2SE 
CAN2Af - 13 4 CG 1 C 8  154 34 6.8 18.7 21.7 < 0.18 642 164 17.7 304.3 18.3 137 37.8 263 98.0 31.5 95.7 13.3 68 10.8 20.6 1.6 5.4 0.4 27.8 0.06 H2SE 
CAN2Af - 14 4 CG 1 R 8  97 30 7.1 < 14 20.4 < 0.14 614 272 24.1 44.4 25.7 213 58.8 419 155.7 56.3 156.8 21.8 112 18.1 35.8 2.9 9.4 0.7 19.2 0.11 H2SE 
CAN2Af - 15 4 CG 1 C 9  < 51 27 7.0 < 14 15.1 < 0.14 977 79 23.8 200.1 19.7 126 32.5 220 69.4 22.1 61.6 7.5 35 5.1 9.1 0.7 2.0 0.1 5.7 0.03 
< 
0.0052 
CAN2Af - 16 4 CG 1 C 10  98 28 7.4 13.7 24.0 < 0.15 781 135 17.5 302.0 13.4 100 29.4 215 84.9 26.9 84.3 11.6 59 8.8 15.9 1.2 4.0 0.3 27.4 0.13 H2SE 
CAN2Af - 17 4 CG 1 C 11  63 32 8.5 < 17 14.5 < 0.13 621 55 28.6 86.2 23.5 144 32.6 196 56.5 16.2 46.8 5.8 28 4.1 6.9 0.5 1.6 0.1 H2SE < 0.021 H2SE 
CAN2Af - 18 4 CG 1 R 12  240 43 7.9 17.2 21.5 < 0.17 999 275 24.3 76.2 25.3 196 54.6 374 138.5 48.2 135.5 19.3 100 15.8 30.9 2.6 8.7 0.7 H2SE 0.01 H2SE 
CAN2Af - 20 4 CG 1 R 13  228 41 8.2 18.6 20.6 0.2 834 189 19.5 98.9 20.6 160 44.8 313 119.4 39.8 114.5 15.6 79 12.0 22.3 1.7 5.2 0.4 41.0 0.07 H2SE 
CAN2Af - 21 4 CG 1 R 14  249 39 8.0 15.9 19.7 0.3 761 228 18.4 78.3 26.5 195 50.6 322 114.5 44.3 108.5 15.5 82 13.1 26.5 2.2 7.6 0.6 1.1 H2SE H2SE 
CAN2Af - 22 4 CG 1 C 15  162 33 7.7 11.0 25.6 0.2 1029 276 19.0 95.5 13.2 117 37.8 291 135.6 48.4 147.4 22.2 116 18.0 33.9 2.8 9.0 0.6 49.4 0.11 H2SE 
CAN2Af - 23 4 CG 2 R 16  209 114 11.1 13.9 17.6 0.2 518 317 12.8 97.4 104.7 548 83.4 301 63.9 39.1 51.4 8.4 50 8.8 23.2 3.0 15.3 1.3 18.8 0.19 0.0 
CAN2Af - 24 4 CG 2 R 17  233 41 15.7 24.7 22.3 0.2 893 272 20.3 61.2 43.3 260 62.4 376 133.6 55.1 129.1 19.3 99 15.0 28.0 2.3 7.4 0.5 30.3 0.24 0.0 
CAN2Af - 25 4 CG 2 R 18  220 43 7.8 12.8 18.7 0.2 691 255 15.4 59.1 28.7 208 49.9 307 111.7 45.6 113.8 16.7 86 12.9 25.0 2.1 7.0 0.5 6.8 0.04 H2SE 
CAN2Af - 26 4 CG 2 C 19  234 34 8.8 < 13 20.5 0.2 734 370 22.9 56.9 31.8 225 56.7 356 131.0 64.4 137.7 21.2 116 18.8 37.8 3.3 11.4 0.9 58.4 0.19 0.0 
CAN2Af - 27 4 CG 2 C 19  190 34 9.0 H2SE 22.2 < 0.16 684 330 26.7 69.4 32.6 222 53.0 319 112.2 54.3 116.1 18.1 100 16.4 33.8 3.1 10.7 0.8 53.9 0.15 0.0 
CAN2Af - 28 4 CG 1 C 20  198 39 7.7 16.9 22.1 < 0.2 658 299 17.5 79.4 23.5 195 53.3 365 131.1 51.9 127.4 18.9 102 16.9 34.7 3.0 10.4 0.8 43.0 0.07 0.0 
CAN2Af - 29 4 CG 1 R 21  212 23 6.6 12.0 29.2 H2SE 1041 338 18.9 84.0 20.4 157 45.8 344 150.5 59.1 170.0 25.3 132 20.5 37.9 3.0 9.4 0.7 12.5 0.04 
< 
0.0034 
CAN2Af - 30 4 CG 1 R 22  282 33 6.4 < 17 24.6 H2SE 788 329 18.9 98.5 20.4 160 47.5 350 150.8 59.7 166.4 24.5 128 20.2 38.2 3.0 9.5 0.7 22.0 0.18 0.0 
CAN2Af - 31 4 CG 1 R 23  232 27 7.1 < 14 29.2 0.2 908 370 21.8 79.6 19.1 154 46.3 341 151.0 63.0 164.4 24.6 132 21.3 42.4 3.6 12.4 1.0 3.0 H2SE H2SE 
CAN2Af - 32 4 CG 1 C 24  178 48 8.2 13.5 22.1 0.2 1088 133 9.1 107.3 12.6 104 30.2 209 91.7 30.8 87.1 12.4 59 8.6 15.0 1.2 4.0 0.3 53.2 0.29 0.0 
CAN2Af - 33 4 CG 1 R 25  86 36 9.9 < 15 14.0 < 0.28 746 248 12.6 244.3 38.3 233 61.8 463 183.3 50.9 194.7 24.2 118 18.7 34.5 2.7 8.7 0.6 37.8 0.15 H2SE 
CAN2Af - 34 4 CG 1 C 26  196 30 8.5 < 13 79.0 0.2 1149 473 23.3 79.8 47.1 337 88.8 586 213.5 82.5 217.8 32.6 175 28.0 56.1 4.8 16.4 1.2 21.7 0.15 0.0 
CAN2Af - 35 4 CG 1 R 27  102 45 12.8 < 14 17.8 < 0.25 484 117 28.8 105.4 63.6 375 81.9 460 117.3 36.9 89.4 9.8 44 6.6 12.4 1.0 3.2 0.3 H2SE 0.03 0.0 
201 
 
Analysis ID Session Host Texture 
Core/ 
Rim Grain Comments Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
CAN2Af - 36 4 CG 1 R 26  157 176 9.0 41.8 20.5 5.7 679 132 19.6 113.2 32.3 196 45.1 284 87.2 31.2 81.3 11.0 55 8.5 16.0 1.2 4.0 0.3 26.5 0.23 H2SE 
CAN2Af - 37 4 CG 1 C 28  144 57 9.1 < 9.3 18.4 < 0.17 418 319 17.5 45.1 71.5 496 111.8 638 176.6 65.9 152.9 19.6 99 15.8 32.6 2.8 10.3 0.8 H2SE 0.05 0.0 
CAN2Af - 38 4 CG 1 C 29  102 39 7.4 < 13 24.0 < 0.15 699 370 18.0 64.9 48.4 362 91.3 594 204.5 72.6 198.3 27.2 140 22.7 44.8 3.6 12.1 0.9 H2SE 0.02 H2SE 
CAN2Af - 39 4 CG 1 C 30  125 28 6.9 < 15 24.5 < 0.21 833 343 18.4 75.6 42.5 296 74.1 476 167.6 62.2 163.6 23.2 121 19.0 36.4 2.9 9.6 0.7 H2SE < 0.016 H2SE 
CAN2Ag - 1 4 CG 1 R 1  101 59 10.5 18.3 44.6 < 0.17 1133 231 17.1 110.1 33.0 254 64.4 413 162.8 54.6 150.9 20.8 102 14.8 26.9 2.1 6.9 0.5 6.8 H2SE H2SE 
CAN2Ag - 2 4 CG 1 C 1  195 43 9.4 21.0 20.9 < 0.16 532 287 25.7 143.0 61.8 406 101.9 629 176.6 59.7 155.6 19.8 100 16.2 33.3 2.8 9.9 0.9 17.9 0.11 0.0 
CAN2Ag - 3 4 CG 1 R 2  198 73 14.3 18.2 48.1 < 0.16 743 186 21.4 96.4 48.7 310 69.1 390 129.7 41.9 112.6 15.4 74 11.2 20.7 1.7 6.1 0.5 12.0 0.02 0.0 
CAN2Ag - 4 4 CG 1 C 2  94 34 9.6 13.1 22.1 < 0.16 646 253 28.9 119.2 56.0 368 91.0 604 188.9 59.9 178.0 21.7 106 17.0 32.6 2.6 8.8 0.7 25.6 0.03 0.0 
CAN2Ag - 5 4 CG 1 - 3  154 68 13.3 H2SE 33.1 < 0.19 579 167 24.6 89.0 70.1 429 88.6 460 122.0 42.0 97.6 12.4 60 9.1 17.7 1.5 5.1 0.4 3.4 0.03 0.0 
CAN2Ag - 6 4 CG 1 - 4  94 54 13.8 H2SE 16.9 < 0.16 413 162 23.9 81.6 95.5 573 116.8 596 133.6 48.3 93.7 10.9 50 7.9 15.6 1.3 4.8 0.4 12.2 H2SE 0.0 
CAN2Ag - 7 4 CG 1 - 5  190 62 11.3 12.9 14.9 H2SE 323 145 18.1 102.9 148.4 656 112.8 529 105.3 39.6 77.4 9.1 44 7.2 14.8 1.3 5.3 0.5 H2SE 0.08 0.1 
CAN2Ag - 8 4 CG 1 R 6  112 50 13.3 < 14 24.4 0.2 786 290 12.1 93.4 38.9 292 73.3 470 197.7 63.4 189.9 26.4 129 19.3 34.5 2.8 9.2 0.6 25.7 0.09 H2SE 
CAN2Ag - 9 4 CG 1 C 6  < 36 42 9.3 H2SE 18.9 < 0.19 535 179 31.5 73.3 73.9 454 98.1 552 137.8 46.4 112.7 13.2 64 10.3 19.6 1.6 5.6 0.5 9.0 0.04 0.0 
CAN2Ag - 10 4 CG 1 C 6  79 41 11.4 30.3 17.9 < 0.17 638 218 25.9 126.4 59.5 371 87.9 548 168.3 53.7 152.1 18.5 88 13.7 26.0 2.0 6.7 0.5 57.9 0.33 0.0 
CAN2Ag - 11 4 CG 1 C 6  96 65 14.3 93.0 20.4 0.3 512 273 38.7 96.4 114.3 721 153.8 821 181.8 62.0 146.5 17.8 89 15.1 32.7 2.9 11.0 1.0 153.0 0.72 0.1 
CAN2Ag - 12 4 CG 1 R 6  134 61 17.5 47.2 16.3 < 0.19 465 168 21.5 87.2 78.4 489 101.7 532 129.8 47.5 95.9 11.3 54 8.3 16.3 1.4 5.1 0.4 74.5 0.65 0.0 
CAN2Ag - 13 4 CG 1 - 7  < 34 38 9.7 < 13 18.7 < 0.16 589 220 32.6 92.6 76.3 476 105.8 616 155.8 51.8 132.6 16.0 79 13.3 26.6 2.2 7.8 0.6 H2SE 0.03 0.0 
CAN2Ag - 14 4 CG 1 - 8  88 49 10.3 < 13 20.3 < 0.24 516 264 22.2 98.9 65.4 468 112.9 683 203.8 65.9 172.5 21.6 103 16.6 32.8 2.7 9.3 0.8 H2SE 0.03 0.0 
CAN2Ag - 15 4 CG 1 R 9  338 92 17.9 101.0 23.4 0.4 429 156 24.2 80.0 100.5 593 116.6 581 129.9 46.5 91.7 10.8 50 7.7 15.2 1.2 4.6 0.4 126.0 H2SE 0.0 
CAN2Ag - 16 4 CG 1 R 10  < 120 53 10.8 < 11 32.2 < 0.19 470 112 34.1 76.6 63.5 364 74.0 386 88.1 29.3 66.4 8.0 37 6.1 11.9 1.0 3.7 0.3 11.5 0.07 0.0 
CAN2Ag - 17 4 CG 2 - 11  183 50 10.3 < 11 20.7 < 0.21 645 149 20.6 98.5 29.9 226 58.8 378 123.3 36.3 106.3 13.2 63 9.8 19.1 1.5 5.2 0.4 5.1 0.04 0.0 
CAN2Ag - 18 4 CG 1 C 12  130 31 9.2 < 15 28.0 < 0.13 679 257 28.4 112.4 H2SE H2SE H2SE 1330 288.0 76.0 221.0 23.8 107 16.4 30.1 2.3 7.6 0.6 8.5 H2SE H2SE 
CAN2Ag - 18 
deep 
4 CG 1 C 12  H2SE 31 10.4 < 19 21.9 < 0.16 677 220 28.8 112.3 47.8 321 79.8 528 169.4 52.8 162.5 19.7 95 15.3 28.7 2.2 7.6 0.6 8.0 0.03 H2SE 
CAN2Ag - 18 
shallow 
4 CG 1 C 12  181 31 8.1 < 19 51.1 < 0.16 682 382 27.8 111.0 960.0 3720 720.0 3870 670.0 152.0 417.0 37.6 147 20.4 35.0 2.5 8.1 0.7 15.0 H2SE H2SE 
CAN2Ag - 19 4 CG 1 R 12  < 44 62 15.3 < 9.2 16.7 < 0.2 285 149 19.5 109.9 159.7 711 122.5 577 103.6 38.2 76.6 8.9 44 7.6 17.1 1.5 6.3 0.6 H2SE 0.09 0.1 




CAN2Ag - 22 
middle 




CAN2Ag - 22 
shallow 
4 CG 2 - 13  < 110 36 13.2 < 14 11.3 < 0.21 631 135 27.9 977.0 30.8 180 44.3 300 89.6 28.3 85.9 9.6 46 7.6 14.8 1.2 4.2 0.3 9190.0 2.43 H2SE 
13940a - 24 9 CG 3 - 1 Fragment a 139 87 23.4 21.1 1.5 < 0.27 89 42 26.5 724.2 128.3 341 38.6 161 27.1 3.0 21.3 2.6 13 2.1 4.8 0.5 2.0 0.2 0.8 0.09 0.1 
13940a - 25 9 CG 3 - 1 Fragment a 207 86 22.6 29.3 1.2 < 0.19 114 31 26.6 732.9 14.6 114 20.8 107 21.6 2.8 16.9 2.0 10 1.7 3.8 0.4 1.5 0.1 0.9 0.03 0.0 
13940a - 26 9 CG 3 - 1 Fragment a 312 87 21.5 22.4 1.3 H2SE 77 26 17.3 670.0 23.3 130 20.3 97 18.2 2.5 15.2 1.8 9 1.5 3.3 0.3 1.2 0.1 0.8 0.01 0.0 
13940a - 27 9 CG 3 - 1 Fragment a 265 94 21.4 < 17 1.7 H2SE 79 42 28.7 721.5 138.0 359 40.0 162 27.6 3.1 21.8 2.6 13 2.1 4.9 0.5 2.0 0.2 0.8 0.09 0.1 
13940a - 28 9 CG 3 - 1 Fragment a 212 90 22.5 18.4 1.6 < 0.27 119 39 26.7 715.8 109.1 300 34.9 148 24.5 3.1 19.7 2.4 12 2.1 4.6 0.5 2.0 0.2 0.9 0.08 0.1 
13940a - 29 9 CG 3 - 1 Fragment a 262 80 20.7 19.2 1.5 < 0.26 98 41 23.3 803.4 97.8 263 30.7 130 23.0 3.1 18.9 2.5 12 2.3 5.1 0.5 2.6 0.2 0.9 0.09 0.1 
13940b - 34 9 CG 3 - 1 Fragment b 230 101 24.9 23.7 1.9 H2SE 84 54 25.1 645.9 183.0 481 53.5 215 34.8 3.8 27.3 3.3 16 2.8 6.1 0.6 2.8 0.3 0.8 0.15 0.1 
13940b - 35 9 CG 3 - 1 Fragment b 248 108 25.1 31.8 1.8 < 0.25 86 52 21.3 636.7 210.0 555 59.8 236 37.0 3.9 28.1 3.4 17 2.8 6.0 0.6 2.4 0.2 0.8 0.17 0.1 
13940b - 36 9 CG 3 - 1 Fragment b 210 97 27.0 25.8 1.7 < 0.21 88 43 22.8 654.8 126.5 345 39.4 159 26.0 3.1 19.9 2.6 13 2.2 4.8 0.5 2.3 0.2 0.9 0.10 0.1 
13940b - 37 9 CG 3 - 1 Fragment b 263 104 25.2 26.2 1.8 < 0.23 86 52 21.1 636.2 179.1 464 50.4 200 32.0 3.6 26.1 3.1 15 2.7 6.0 0.6 2.6 0.3 0.9 0.16 0.1 
13940b - 38 9 CG 3 - 1 Fragment b 254 103 24.5 35.3 1.9 < 0.26 83 49 23.9 648.8 183.0 485 52.9 212 33.9 3.7 26.4 3.2 16 2.6 5.7 0.5 2.3 0.2 1.0 0.15 0.1 
13940b - 39 9 CG 3 - 1 Fragment b 255 93 23.0 34.7 1.6 0.2 113 34 26.6 706.5 51.9 203 28.2 134 23.7 2.9 19.6 2.3 11 1.9 4.2 0.4 1.7 0.1 0.8 0.06 0.1 
13940c - 30 9 CG 3 - 1 Fragment c 107 95 26.2 H2SE 1.7 < 0.17 82 46 25.2 654.0 150.2 406 45.0 185 30.0 3.3 23.6 2.9 14 2.5 5.4 0.5 2.2 0.2 1.0 0.10 0.1 
202 
Analysis ID Session Host Texture 
Core/ 
Rim Grain Comments Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
13940c - 31 9 CG 3 - 1 Fragment c 192 105 26.2 21.0 2.1 H2SE 88 44 30.7 671.4 165.3 405 42.6 172 28.4 3.1 22.6 2.8 14 2.4 5.5 0.5 2.1 0.2 0.9 0.15 0.1 
13940c - 32 9 CG 3 - 1 Fragment c 251 121 26.1 28.8 2.8 < 0.29 95 42 65.1 705.2 168.0 398 41.2 159 25.2 2.8 19.9 2.5 12 2.2 4.9 0.5 2.3 0.2 1.1 0.24 0.2 
13940c - 33 9 CG 3 - 1 Fragment c 238 100 23.9 28.5 1.6 < 0.25 84 41 20.3 645.5 150.1 363 40.0 166 27.4 2.8 22.2 2.7 13 2.3 5.0 0.4 1.9 0.2 0.9 0.10 0.1 
15013a - 1 9 CG 3 - 1 Fragment a 240 15 3.4 < 18 3.0 < 0.23 478 22 4.4 32.2 47.3 190 31.0 145 30.2 9.9 19.8 2.2 9 1.1 1.8 0.1 0.4 0.0 11.4 0.02 0.0 
15013a - 2 9 CG 3 - 1 Fragment a 222 16 4.0 21.6 4.1 < 0.2 350 35 6.6 33.2 83.5 317 43.9 164 26.1 13.6 17.7 2.2 10 1.5 2.7 0.2 0.7 0.0 11.4 0.04 0.0 
15013a - 3 9 CG 3 - 1 Fragment a 216 11 2.9 22.2 4.5 < 0.19 380 29 6.0 29.5 80.9 306 43.6 171 29.0 13.5 18.6 2.2 10 1.3 2.3 0.2 0.5 0.0 9.7 0.03 0.0 
15013a - 4 9 CG 3 - 1 Fragment a 197 < 11 3.7 19.1 3.8 H2SE 366 27 5.5 26.8 71.9 274 40.8 171 32.1 12.6 21.2 2.4 10 1.3 2.1 0.2 0.4 0.0 9.5 0.04 0.0 
15013a - 5 9 CG 3 - 1 Fragment a 214 12 3.4 H2SE 4.1 < 0.25 407 26 5.0 27.4 65.9 253 38.8 172 34.1 12.1 22.4 2.5 11 1.4 2.1 0.1 0.4 0.0 10.0 0.02 0.0 
15013b - 40 9 CG 3 - 1 Fragment b 240 < 8.9 3.7 17.1 2.7 < 0.25 464 26 4.2 14.1 28.2 155 31.1 158 36.8 11.2 26.0 2.8 12 1.5 2.2 0.1 0.5 0.0 14.7 0.02 0.0 
15013b - 41 9 CG 3 - 1 Fragment b 240 10 4.0 21.5 4.0 < 0.29 485 32 5.8 24.3 45.5 211 38.8 199 44.2 14.5 30.0 3.4 14 1.7 2.8 0.2 0.6 0.0 11.9 0.01 0.0 
15013b - 42 9 CG 3 - 1 Fragment b 143 < 8.6 5.2 15.2 3.5 < 0.3 316 30 5.6 40.3 76.9 260 35.7 144 26.5 10.9 18.6 2.2 10 1.4 2.4 0.2 0.6 0.0 8.4 0.03 0.0 
15013b - 43 9 CG 3 - 1 Fragment b 244 8 3.3 24.2 4.9 < 0.25 353 38 6.9 32.7 82.0 317 45.2 178 30.3 14.3 20.2 2.5 12 1.6 3.0 0.2 0.8 0.1 10.5 0.04 0.0 
15013b - 44 9 CG 3 - 1 Fragment b 224 11 3.3 < 15 2.8 0.2 432 19 3.4 27.7 41.0 164 27.0 128 27.5 8.3 18.3 2.0 8 1.1 1.6 0.1 0.4 0.0 11.4 0.01 0.0 
15014a - 12 9 CG 3 - 1 Fragment a 340 32 11.2 < 15 26.4 0.4 618 238 60.1 100.4 44.0 293 73.9 521 178.1 50.5 159.3 19.7 96 15.8 31.9 2.8 10.4 0.9 14.9 0.02 H2SE 
15014a - 13 9 CG 3 - 1 Fragment a 250 32 10.9 < 16 18.5 0.3 622 361 43.4 126.5 78.4 502 112.6 673 179.7 65.7 162.3 21.4 112 18.5 39.4 3.6 13.9 1.1 13.5 0.04 0.0 
15014a - 14 9 CG 3 - 1 Fragment a 264 36 11.3 < 12 19.3 0.3 649 474 51.3 154.7 82.9 522 113.5 686 187.9 72.1 179.6 24.9 135 24.1 55.8 5.4 22.6 2.1 16.8 0.03 0.0 
15014a - 15 9 CG 3 - 1 Fragment a 291 29 11.1 16.2 20.4 0.3 675 411 51.3 123.7 51.9 349 85.7 575 183.6 67.7 185.1 25.4 136 23.4 50.7 4.5 17.7 1.5 16.9 0.02 0.0 
15014a - 16 9 CG 3 - 1 Fragment a 176 25 13.5 < 15 20.6 H2SE 758 366 47.0 130.7 59.9 384 90.2 585 179.7 68.0 174.5 23.5 123 20.7 44.0 3.9 15.3 1.3 18.2 0.02 0.0 
15014a - 17 9 CG 3 - 1 Fragment a 320 37 11.8 23.4 19.1 0.3 605 313 40.2 137.0 70.6 437 92.6 560 143.0 47.6 131.2 17.6 94 16.2 34.9 3.2 13.1 1.1 14.7 0.04 0.0 
15014a - 18 9 CG 3 - 1 Fragment a 300 43 10.9 < 18 20.3 0.3 513 301 44.0 90.5 89.4 544 110.9 625 155.3 51.3 129.3 16.6 86 15.1 34.9 3.5 15.0 1.4 10.7 0.03 0.0 
15014b - 6 9 CG 3 - 1 Fragment b 269 45 10.1 18.2 3.5 H2SE 690 16 16.0 117.7 27.7 129 25.4 140 30.0 6.8 20.8 2.1 9 1.3 2.3 0.2 0.5 0.0 31.7 H2SE 0.0 
15014b - 7 9 CG 3 - 1 Fragment b 168 30 14.2 < 15 5.2 < 0.22 825 79 39.7 193.4 22.3 121 29.0 203 63.3 17.9 60.3 6.2 28 4.6 8.7 0.7 2.6 0.2 19.6 < 0.01 H2SE 




15014b - 9 9 CG 3 - 1 Fragment b 228 34 12.4 18.7 4.2 0.3 810 52 12.4 219.1 23.4 120 24.9 153 38.8 10.9 36.1 3.8 17 2.9 5.8 0.4 1.7 0.1 21.5 H2SE H2SE 
15014b - 10 9 CG 3 - 1 Fragment b 297 35 14.0 < 17 11.8 < 0.24 620 115 36.1 205.2 45.8 239 47.4 263 58.2 22.5 53.8 6.3 31 5.6 12.6 1.1 4.7 0.5 21.8 0.03 0.0 
15014b - 11 9 CG 3 - 1 Fragment b 242 26 13.0 H2SE 6.1 0.3 698 83 27.6 198.6 32.5 171 35.7 211 51.9 18.5 45.6 5.2 25 4.4 9.0 0.7 3.2 0.3 27.7 H2SE 0.0 
15014c - 19 9 CG 3 - 1 Fragment c 242 24 10.4 < 18 22.7 < 0.3 1137 256 28.9 135.9 38.3 243 63.6 471 175.1 56.8 172.8 22.3 108 17.2 33.3 2.7 9.1 0.7 21.9 H2SE 
< 
0.0041 
15014c - 20 9 CG 3 - 1 Fragment c 293 35 10.7 20.6 17.6 0.3 488 419 42.8 183.1 48.6 335 85.6 612 198.9 62.5 199.8 26.7 140 25.1 54.3 4.8 18.1 1.7 14.9 0.02 0.0 
15014c - 21 9 CG 3 - 1 Fragment c 300 34 12.2 < 19 23.1 < 0.24 604 469 37.3 133.3 51.7 361 90.3 609 196.1 66.5 197.8 27.9 153 27.4 61.7 5.5 22.0 2.0 17.8 0.02 0.0 
15014c - 22 9 CG 3 - 1 Fragment c 278 30 12.0 < 13 21.9 < 0.22 749 423 57.7 125.3 51.0 339 85.0 591 201.8 73.5 207.1 28.1 147 25.3 54.1 4.7 17.8 1.5 18.2 0.02 0.0 
15014c - 23 9 CG 3 - 1 Fragment c 330 38 11.2 19.0 22.3 < 0.24 622 438 52.9 131.2 72.8 472 106.5 670 191.0 70.8 183.6 25.5 137 24.5 55.0 5.0 21.0 1.9 15.2 0.04 0.0 
BAT20Aa - 1 7 DG V R 1  273 15 37.7 15.9 0.9 0.1 70 758 290.6 8.8 20.5 95 19.4 107 46.8 4.6 64.5 14.4 107 23.9 71.4 10.1 60.4 6.7 15.4 0.01 0.0 
BAT20Aa - 2 7 DG V C 1  239 19 48.9 22.3 0.5 0.2 73 739 303.9 7.4 2.5 19 5.0 32 17.4 6.6 31.9 9.4 87 22.9 77.5 11.1 62.9 7.3 8.2 0.02 0.1 
BAT20Aa - 3 7 DG V C 1  211 12 53.0 17.5 0.5 0.2 74 657 281.3 8.6 2.5 21 5.4 32 16.9 6.6 30.0 8.3 75 19.6 66.1 9.8 58.7 7.0 11.5 0.04 0.2 
BAT20Aa - 4 7 DG V R 1  H2SE H2SE 41.1 295.0 0.7 H2SE 75 815 307.0 6.8 14.1 64 11.7 57 24.2 6.0 39.5 10.4 90 22.9 75.5 10.7 62.3 7.4 33.8 0.44 0.3 
BAT20Aa - 5 7 DG V R 1  304 12 40.2 13.0 0.9 0.2 69 881 352.7 11.3 12.6 59 12.6 76 36.7 7.0 61.5 13.5 106 24.6 79.7 11.6 70.5 8.4 13.2 0.06 0.1 




229 10 47.8 < 17 1.2 0.2 82 934 313.9 11.6 12.0 57 11.6 65 33.1 7.2 59.2 14.7 121 28.3 88.6 12.6 74.9 8.4 9.5 0.07 0.1 
BAT20Aa - 7 7 DG V C 2  230 11 45.4 < 16 0.7 0.2 67 827 288.4 10.6 8.8 46 9.5 51 25.0 8.3 44.4 11.4 96 23.2 76.8 11.4 69.3 8.2 11.6 0.08 0.2 
BAT20Aa - 8 7 DG V R 2  279 15 40.9 < 14 0.8 0.2 64 796 273.4 11.3 11.2 57 12.1 71 33.4 7.4 53.2 11.8 95 21.7 70.1 10.6 64.6 7.4 11.6 0.05 0.1 
BAT20Aa - 9 7 DG V R 2  193 20 46.5 17.8 0.7 0.2 69 512 225.1 11.5 8.5 36 7.1 39 19.3 4.1 33.3 7.7 63 14.4 44.9 6.5 38.1 4.4 12.8 0.02 0.0 
BAT20Aa - 10 7 DG V R 3  159 15 49.2 < 10 0.7 H2SE 63 432 173.5 10.0 7.6 30 5.6 30 14.7 3.6 25.9 6.2 51 11.6 37.8 5.6 34.7 4.3 15.4 0.01 0.0 
BAT20Aa - 11 7 DG V R 4  210 18 52.2 14.7 1.2 H2SE 78 567 271.4 10.0 9.5 37 7.8 50 26.8 4.7 50.1 10.9 84 18.9 56.7 7.5 42.4 5.0 16.6 0.02 0.1 
203 
 
Analysis ID Session Host Texture 
Core/ 
Rim Grain Comments Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
BAT20Aa - 12 7 DG V R 4  H2SE H2SE 39.8 350.0 5.0 0.5 156 481 232.3 10.0 9.0 37 7.3 43 21.3 4.1 37.8 8.7 68 15.3 47.2 6.5 38.3 4.5 31.6 0.32 0.5 
BAT20Aa - 13 7 DG V R 5  144 19 39.8 25.7 2.3 0.2 114 399 255.9 9.7 5.3 23 5.1 34 20.4 3.8 43.6 9.3 69 14.8 41.5 5.2 29.6 3.7 14.7 0.10 0.2 
BAT20Aa - 14 7 DG V R 4  290 19 51.0 15.0 1.0 0.3 67 803 341.9 10.0 7.0 33 7.6 52 30.6 6.1 63.2 14.5 117 27.4 82.8 10.6 57.6 6.6 11.4 0.03 0.1 
BAT20Aa - 15 7 DG V C 4  278 19 42.9 14.9 1.0 0.3 67 868 398.9 9.5 7.4 34 7.7 51 29.6 6.4 62.2 14.9 124 29.6 90.7 11.8 62.3 7.4 11.0 0.08 0.1 
BAT20Aa - 16 7 DG V C 4  249 19 47.5 73.0 0.9 0.3 65 652 288.5 10.4 8.7 36 7.4 48 27.8 5.0 54.3 12.2 97 22.2 65.5 8.4 45.5 5.4 15.5 0.22 0.2 
BAT20Aa - 17 7 DG V R 4  245 16 40.8 68.0 2.3 0.2 128 568 206.7 7.7 12.9 50 9.2 47 20.5 4.4 33.3 7.9 65 15.2 50.9 7.9 51.1 6.5 17.8 0.09 0.2 
BAT20Aa - 20 7 DG V R 6  255 17 48.4 < 16 2.9 0.2 73 593 290.6 10.7 5.0 27 6.7 49 28.2 4.7 58.3 12.8 99 22.7 65.4 8.3 46.1 5.4 12.4 H2SE 0.1 
BAT20Aa - 21 7 DG V R 7  265 15 40.4 127.0 4.5 0.2 92 627 337.8 11.4 6.6 32 7.5 51 29.3 4.4 58.4 13.2 103 24.1 70.7 8.9 49.4 5.8 11.5 0.74 0.3 
BAT20Aa - 22 7 DG V R 8  220 21 41.5 21.9 2.1 H2SE 71 322 128.8 8.3 4.3 20 4.8 36 19.2 4.9 39.3 7.9 57 12.6 34.4 3.8 20.7 2.8 10.7 0.03 0.0 
BAT20Aa - 23 7 DG V R 9  171 15 47.8 27.8 1.6 0.2 67 333 144.4 8.2 5.2 21 4.9 36 19.8 5.5 42.4 8.7 60 13.2 35.7 4.0 21.3 3.0 10.4 H2SE 0.0 
BAT20Aa - 25 7 DG V R 10  161 33 36.2 21.0 0.8 0.2 62 274 163.8 7.6 1.7 10 3.0 30 21.4 4.8 52.4 10.1 66 14.3 35.0 3.3 14.7 2.1 8.3 0.03 0.1 
BAT20Aa - 30 7 DG V C 11  252 14 39.4 22.6 1.2 0.6 117 3230 215.1 9.3 2.1 17 4.6 33 29.7 13.9 88.0 26.2 261 75.0 292.0 54.0 430.0 57.0 8.0 7.10 5.7 
BAT20Aa - 30 
deep 
7 DG V C 11  272 H2SE 40.7 H2SE 1.4 1.1 120 6870 202.5 7.8 2.6 20 6.0 48 48.5 21.0 164.0 51.0 521 153.0 605.0 113.7 916.0 123.0 H2SE 16.10 12.5 
BAT20Aa - 30 
shallow 
7 DG V C 11  232 H2SE 36.8 21.6 0.9 0.2 114 538 231.2 8.5 2.0 15 4.0 27 16.8 8.9 32.4 7.9 66 16.6 57.0 9.0 59.5 7.7 9.9 0.15 H2SE 
BAT20Aa - 31 7 DG V C 12  312 17 55.2 23.3 0.5 < 0.2 68 825 189.9 10.7 12.0 45 7.9 40 18.6 9.3 35.1 9.3 80 20.7 71.4 11.6 79.0 9.9 8.6 0.11 0.4 
BAT20Aa - 32 7 DG V R 13  296 14 47.7 17.3 0.9 < 0.17 69 778 358.4 10.1 11.1 50 10.7 66 33.3 5.3 55.3 12.5 98 23.2 73.9 10.5 62.7 7.3 9.4 0.08 0.1 
BAT20Aa - 33 7 DG V R 11  328 11 47.1 1190.0 0.9 < 0.19 65 818 284.0 11.0 12.7 56 11.4 65 31.2 6.6 51.3 11.8 94 22.6 75.0 11.6 74.8 8.8 28.3 0.28 2.0 
BAT20Aa - 34 7 DG V R 15  248 13 46.5 13.8 1.0 0.2 75 687 321.7 9.7 8.3 36 7.6 46 23.9 5.3 44.5 10.8 89 21.6 68.1 9.3 53.2 6.0 13.0 0.02 0.0 
BAT20Aa - 35 7 DG V R 16  318 21 38.3 H2SE 3.4 H2SE 103 817 483.0 9.9 9.1 39 8.1 52 30.5 6.2 59.9 14.5 117 28.7 90.0 12.2 71.7 8.3 H2SE H2SE H2SE 
BAT20Aa - 36 7 DG V C 11  274 20 49.2 H2SE 0.9 0.3 65 840 395.2 9.3 5.0 30 7.6 52 30.2 7.1 60.3 14.4 117 28.2 87.1 11.6 65.3 7.3 7.3 0.03 0.1 
BAT20Aa - 37 7 DG V C 11  228 19 42.8 < 13 1.1 0.2 71 705 378.9 10.0 6.1 36 8.3 56 29.9 6.0 53.4 12.1 96 23.4 71.7 9.4 51.0 5.9 8.7 0.06 0.1 
BAT20Aa - 38 7 DG V R 17  281 12 38.6 < 14 3.2 < 0.14 149 426 190.2 6.8 10.0 40 7.7 45 22.3 4.1 38.1 8.5 64 14.6 43.9 5.8 33.7 4.0 13.5 0.08 0.1 
BAT20Aa - 39 7 DG V R 18  294 10 44.2 17.0 1.9 0.2 101 610 314.2 9.0 10.3 39 8.0 54 31.5 5.0 60.3 13.3 101 23.5 69.9 9.0 48.4 5.6 14.4 0.11 0.1 
BAT20Aa - 40 7 DG V R 19  175 8 41.4 < 17 5.8 0.2 166 587 400.7 11.7 12.0 48 9.4 56 29.0 4.6 56.1 12.9 98 22.7 66.7 8.7 50.3 6.2 13.3 0.17 0.5 
BAT20Aa - 41 7 DG V R 20  223 13 35.3 < 17 3.1 < 0.21 134 654 405.0 11.2 8.4 35 7.5 51 29.4 4.5 60.2 13.8 108 25.1 74.9 9.5 52.0 6.2 10.3 0.11 0.3 
BAT20Aa - 44 7 DG V C 21  269 11 42.2 < 18 2.6 0.2 110 610 340.0 10.1 10.7 43 8.6 52 27.0 4.7 51.4 12.1 95 22.2 66.7 8.6 48.9 5.9 11.3 0.08 0.1 
BAT20Aa - 45 7 DG V R 22  295 15 40.6 16.3 3.0 0.2 93 630 256.0 10.6 8.2 37 8.3 53 27.9 5.7 53.0 11.7 91 21.3 65.8 9.3 56.7 7.0 11.2 0.05 0.1 
BAT20Aa - 46 7 DG V R 23  H2SE H2SE 39.9 58.0 4.0 0.9 101 568 323.7 10.8 9.5 40 8.5 56 30.1 4.1 57.7 12.6 96 21.9 63.8 8.2 44.9 5.3 8.3 0.18 0.2 
BAT20Aa - 47 7 DG D R 24  450 13 49.4 15.9 1.8 0.4 67 1474 552.0 8.3 22.9 113 25.6 171 87.5 7.4 145.2 31.7 238 54.0 160.6 21.4 126.4 14.9 8.6 1.91 0.3 
BAT20Aa - 48 7 DG D R 24  320 13 47.3 < 15 1.6 0.4 74 1355 551.2 7.5 12.8 65 15.4 105 58.2 8.1 124.7 29.7 239 56.9 164.9 19.6 103.5 11.6 7.7 0.15 0.2 
BAT20Aa - 49 7 DG D R 24  448 14 61.2 20.5 2.0 0.4 68 1078 363.0 7.2 53.1 244 44.7 231 83.2 10.8 116.8 26.2 200 46.7 145.8 19.6 120.4 15.0 8.1 0.68 0.7 
BAT20Aa - 50 7 DG D R 24  366 13 59.6 25.9 2.9 0.3 58 976 732.0 7.9 53.8 250 52.9 328 159.5 6.6 219.2 39.6 232 40.0 98.1 12.0 68.8 7.7 9.0 0.57 0.6 
BAT20Ab - 1 5 DG D R 1  328 13 37.5 < 17 4.1 0.4 66 633 411.1 7.8 14.5 92 24.7 180 111.9 5.4 172.3 31.5 182 31.8 72.6 7.9 40.9 4.3 1.7 0.04 0.0 
BAT20Ab - 2 5 DG D R 1  418 15 41.6 14.8 2.7 0.4 68 1039 573.2 8.8 7.6 44 11.7 90 58.4 6.2 121.4 26.4 197 43.8 118.1 14.2 75.8 8.4 H2SE 0.08 0.1 
BAT20Ab - 3 5 DG D C 1  281 18 40.4 18.4 1.3 0.4 61 677 298.2 10.8 3.1 19 4.2 24 12.6 9.1 34.4 10.4 89 20.9 59.9 7.9 45.3 5.2 H2SE 0.03 0.0 
BAT20Ab - 4 5 DG D R 2  243 < 17 29.0 20.5 4.0 0.4 75 831 413.5 10.1 6.9 42 10.4 69 35.0 9.9 75.0 17.9 137 28.6 75.6 9.3 52.1 6.3 8.1 3.73 0.4 
BAT20Ab - 5 5 DG D R 3  227 < 15 33.3 < 17 1.8 < 0.28 61 921 369.9 10.4 10.6 62 14.1 88 43.1 17.9 89.7 20.8 153 31.2 79.0 9.5 51.3 5.7 < 0.027 0.37 0.2 
BAT20Ab - 6 5 DG D R 2  152 27 27.5 14.9 1.8 < 0.19 72 369 260.6 8.7 2.2 13 3.8 34 25.7 6.3 81.6 16.8 111 22.0 46.8 4.1 17.6 2.1 H2SE 0.05 0.1 
BAT20Ab - 7 5 DG D R 3  252 < 14 33.3 < 21 2.1 < 0.22 71 841 328.0 11.6 9.9 53 10.8 61 28.4 11.7 64.8 16.5 131 28.0 76.1 9.6 55.1 7.0 H2SE 0.37 0.3 
BAT20Ab - 8 5 DG D R 2  268 17 34.0 23.0 1.8 0.3 67 852 369.2 9.7 6.6 46 10.4 61 30.7 15.9 73.1 18.9 151 31.2 82.4 9.9 53.2 5.9 H2SE 0.10 0.2 
BAT20Ac - 1 5 DG D R 1  H2SE H2SE 47.9 69.0 1.5 < 0.23 62 819 318.1 10.3 8.9 51 11.5 70 33.0 6.3 54.0 12.4 98 22.7 73.4 10.9 67.8 7.5 6.2 0.55 0.3 
BAT20Ac - 2 5 DG D C 1  243 < 17 41.9 < 17 1.3 < 0.23 68 811 247.2 10.3 11.3 58 12.1 70 29.1 7.1 44.2 10.0 83 19.7 67.8 10.7 69.9 8.1 < 0.022 0.15 0.3 
204 
Analysis ID Session Host Texture 
Core/ 
Rim Grain Comments Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
BAT20Ac - 3 5 DG D R 1  322 H2SE 38.7 H2SE 1.3 0.3 67 967 340.9 10.0 8.1 51 13.3 91 45.0 8.2 73.5 16.0 126 29.0 91.8 13.7 80.2 9.0 H2SE 0.11 0.3 
BAT20Ac - 4 5 DG D C 2  314 < 12 40.7 < 17 1.8 < 0.2 65 1043 342.1 9.9 10.8 62 14.8 97 45.9 7.9 76.4 17.0 134 31.3 101.6 14.7 88.7 10.3 H2SE 0.10 0.2 
BAT20Ac - 5 5 DG D C 2  256 17 52.0 65.0 1.4 0.3 61 739 370.9 10.4 6.3 43 10.1 62 30.3 6.3 50.3 11.5 93 21.4 67.8 9.7 57.5 6.2 4.5 0.30 0.2 
BAT20Ac - 6 5 DG D R 2  230 < 11 39.6 < 14 1.2 H2SE 63 727 263.0 10.1 11.3 62 12.8 72 30.0 7.0 46.5 10.2 81 18.7 64.1 10.2 68.7 8.1 < 0.022 0.14 0.3 
BAT20Ac - 7 5 DG D R 3  385 < 15 39.0 H2SE 1.8 0.3 68 1161 269.2 8.9 17.4 92 18.9 102 39.8 11.1 65.7 16.2 139 33.0 111.1 17.0 107.7 12.4 < 0.051 0.15 0.3 
BAT20Ac - 8 5 DG D C 3  251 < 8.8 47.3 < 19 1.7 H2SE 66 998 389.0 10.4 13.1 74 16.1 95 44.8 10.5 79.4 18.5 150 34.2 104.1 14.3 84.0 9.2 H2SE 0.12 0.2 
BAT20Ac - 9 5 DG D C 3  245 < 7.3 43.2 < 17 1.4 0.3 65 946 366.6 9.7 11.3 65 14.6 89 42.5 8.1 69.7 15.4 123 28.0 89.9 13.0 78.7 8.7 < 0.024 0.08 0.1 
BAT20Ac - 10 5 DG D R 3  342 < 13 32.8 162.0 1.7 0.3 90 1261 409.2 7.5 12.6 73 15.9 92 42.6 10.2 79.3 20.6 178 43.6 136.7 18.4 105.1 11.7 18.1 0.54 0.5 
BAT20Ad - 1 5 DG D R 1  176 < 14 39.9 H2SE 1.2 0.2 84 724 325.0 10.5 14.8 60 11.1 63 29.4 5.6 47.6 11.0 87 20.3 67.0 9.7 61.7 7.2 1.2 0.11 0.1 
BAT20Ad - 2 5 DG D C 1  122 < 11 56.4 H2SE 1.0 < 0.14 61 687 353.2 10.8 15.1 60 10.2 51 22.2 5.3 38.0 9.0 75 17.7 59.7 9.5 64.2 7.6 H2SE 0.11 0.1 
BAT20Ad - 3 5 DG D C 1  159 < 10 57.1 < 19 0.9 < 0.17 61 603 278.3 12.0 11.5 44 8.0 41 18.8 4.3 33.0 8.0 67 15.5 52.3 8.0 52.0 6.1 H2SE 0.05 0.0 
BAT20Ad - 4 5 DG D R 1  204 < 18 42.7 19.0 1.4 < 0.22 64 904 355.3 10.4 16.3 69 13.5 77 35.9 5.9 59.5 13.7 109 25.2 82.2 12.0 73.9 8.6 10.6 0.06 0.1 
BAT20Ad - 5 5 DG D R 1  223 < 14 44.7 H2SE 1.0 0.2 59 805 290.5 11.3 8.6 51 11.2 66 29.5 6.3 46.4 10.6 87 20.4 69.6 10.9 69.1 8.1 H2SE 0.16 0.2 
BAT20Ad - 6 5 DG D C 1  133 < 13 49.3 < 23 0.8 < 0.14 73 571 212.8 9.1 13.5 54 9.2 45 19.7 4.3 29.1 6.8 56 12.7 45.2 7.6 50.1 5.9 H2SE 1.07 0.2 
BAT20Af - 4 7 DG V R 1  151 19 42.5 < 19 2.3 < 0.2 75 357 131.5 9.2 4.0 24 6.4 47 26.6 6.2 49.5 10.4 72 15.6 39.3 4.1 20.6 2.7 13.2 0.02 0.0 
BAT20Af - 5 7 DG V R 1  250 19 40.9 < 14 1.1 < 0.18 54 380 169.9 8.3 3.8 24 6.5 48 25.6 5.6 50.9 10.0 70 15.8 41.5 4.5 21.6 3.2 12.1 0.05 0.1 
BAT20Af - 6 
bottom 
7 DG V R 1  211400 54540 17.9 610.0 < 0.73 33.1 82 3 1.7 < 0.34 6.2 12 1.3 5 0.8 H2SE 1.0 0.1 1 0.1 0.4 H2SE 0.5 0.1 5.6 2.34 0.9 
BAT20Af - 6 
top 
7 DG V R 1  H2SE H2SE H2SE H2SE 540.0 H2SE H2SE < 67 H2SE < 220 < 21 H2SE < 10 <  <  H2SE < 180 < 13 <  < 6.7 <  < 6.7 < 46 < 6.1 H2SE < 15 < 6.1 
BAT20Af - 7 
bottom 
7 DG V R 1  205200 54200 13.7 278.0 < 0.81 20.0 81 4 1.4 H2SE 6.3 12 1.2 5 H2SE H2SE H2SE H2SE H2SE H2SE H2SE H2SE H2SE H2SE 3.8 2.27 0.8 
BAT20Af - 7 
top 
7 DG V R 1  203 26 40.8 26.2 1.4 < 0.28 59 304 126.0 7.8 2.1 14 4.4 38 24.4 5.4 49.5 9.3 65 13.5 33.4 3.3 16.3 2.3 11.7 H2SE 0.0 
BAT20Af - 13 7 DG V R -  364 13 30.9 < 16 1.2 H2SE 61 898 396.9 12.3 11.6 47 9.7 61 36.0 5.6 75.4 17.5 142 32.7 97.1 12.3 67.9 7.4 9.3 0.04 0.1 
BAT20Af - 14 7 DG V C -  266 12 31.5 H2SE 1.4 0.3 66 941 664.0 10.4 5.7 32 8.3 61 37.3 5.8 78.0 18.6 151 36.7 108.3 13.9 76.6 8.8 10.4 0.10 0.4 
BAT20Af - 15 7 DG V R -  354 < 13 26.4 24.3 2.1 H2SE 130 884 420.3 11.2 7.1 36 9.0 68 39.4 4.3 76.6 17.0 134 30.4 91.1 11.9 67.0 7.5 H2SE 0.14 0.2 
BAT20Af - 18 7 DG V R -  431 H2SE 34.4 34.0 1.6 H2SE 61 901 423.6 10.6 5.0 29 7.9 61 38.3 5.4 76.0 18.0 142 33.3 96.1 12.1 64.5 7.1 H2SE 0.05 0.2 
BAT20Af - 22 7 DG V - -  422 H2SE 31.3 H2SE 1.5 0.3 93 1091 532.6 12.2 6.6 36 9.7 77 52.0 7.4 115.0 26.1 204 46.6 123.6 13.8 67.5 6.9 12.9 0.05 0.1 
BAT20Ag - 1 7 DG V R 1  303 18 35.0 21.7 0.3 H2SE 70 493 96.6 7.3 8.4 39 6.6 29 10.5 8.3 15.3 4.4 40 10.3 38.9 7.0 51.1 6.7 10.7 0.05 0.1 
BAT20Ag - 2 7 DG V C 1  205 H2SE 43.8 < 12 0.6 0.2 68 838 286.1 10.3 4.5 29 6.6 39 20.2 9.4 39.1 10.7 95 24.0 80.5 12.0 77.4 9.6 10.9 0.12 0.2 
BAT20Ag - 3 7 DG V R 1  343 13 27.4 20.4 0.9 0.3 71 1075 337.1 10.7 15.6 64 11.7 60 27.9 8.9 52.4 13.8 121 30.6 100.0 14.3 87.3 10.1 12.0 0.10 0.3 
BAT20Ag - 4 7 DG V C 2  195 16 34.5 19.0 0.7 0.2 75 602 322.1 10.1 2.8 20 4.8 34 21.6 8.5 45.3 11.6 95 23.0 69.5 9.1 52.5 6.3 10.8 0.05 0.1 
BAT20Ag - 4 
middle 
7 DG V C 2  214 23 34.5 H2SE H2SE H2SE 75 626 324.7 10.7 5.6 30 6.4 39 22.8 8.8 48.8 12.1 98 24.1 70.4 9.4 55.3 6.5 12.3 H2SE H2SE 
BAT20Ag - 4 
shallow 
7 DG V C 2  134 H2SE 32.9 < 13 0.8 H2SE 74 609 328.3 10.3 2.4 19 4.8 34 21.5 8.4 45.9 11.6 95 23.2 70.2 9.2 52.7 6.4 8.8 0.03 H2SE 
BAT20Ag - 7 7 DG V R 2  288 15 32.7 < 17 0.9 0.3 65 998 317.7 10.1 7.2 40 8.5 49 25.0 9.2 49.8 13.5 121 30.2 98.1 13.8 83.1 9.2 11.1 0.10 0.3 
BAT20Ag - 8 7 DG V C 2  275 16 34.0 < 17 0.9 0.2 73 744 389.8 9.1 3.8 22 5.7 44 28.3 6.3 60.1 14.1 117 27.9 82.8 10.5 56.7 6.2 11.0 0.05 0.2 
BAT20Ag - 9 7 DG V R 3  252 16 24.9 < 14 1.2 0.3 81 835 378.7 10.4 7.6 36 8.1 55 32.9 5.9 67.8 16.1 130 30.6 88.5 10.9 59.4 6.6 13.4 0.03 0.1 
BAT20Ag - 10 7 DG V R 4  282 13 26.3 20.9 1.2 0.3 80 821 366.5 11.0 10.1 43 8.9 58 32.4 5.8 65.9 15.5 125 30.0 87.8 11.4 63.3 7.2 15.2 0.02 0.1 
BAT20Ag - 11 7 DG V C 5  298 17 39.1 22.5 0.6 0.3 65 653 174.5 9.3 5.6 31 6.9 43 21.9 7.4 37.8 9.2 75 18.3 60.0 9.2 58.0 6.9 10.4 0.07 0.2 
BAT20Ag - 12 7 DG V C 5  269 10 36.8 < 15 0.7 < 0.19 63 918 261.1 10.8 10.9 52 10.0 54 26.5 8.4 46.8 11.7 100 24.9 81.6 12.8 81.0 9.5 9.7 0.29 0.4 
BAT20Ag - 13 7 DG V C 5  300 H2SE 51.2 H2SE 0.7 0.3 86 653 364.7 9.9 H2SE 34 6.5 31 18.1 7.9 36.9 9.5 80 20.7 65.9 9.3 52.3 6.2 8.4 0.12 0.1 
BAT20Ag - 13 
deep 
7 DG V C 5  297 37 53.1 H2SE H2SE 0.3 87 536 358.7 9.8 H2SE 15 3.5 20 12.8 7.5 28.7 7.9 72 19.1 59.6 8.5 49.3 5.8 H2SE H2SE H2SE 
BAT20Ag - 13 
shallow 
7 DG V C 5  152 < 8.3 49.0 H2SE H2SE H2SE 86 890 374.1 10.0 17.0 68 11.8 60 25.1 8.7 50.2 12.0 97 25.4 75.1 10.5 57.9 6.8 9.6 0.24 0.0 
BAT20Ag - 14 7 DG V R 5  265 15 37.5 17.4 0.9 0.2 69 900 295.3 11.2 18.4 70 12.5 60 25.3 10.1 41.7 10.9 94 23.7 79.5 12.4 79.7 9.6 9.6 H2SE 0.2 
205 
 
Analysis ID Session Host Texture 
Core/ 
Rim Grain Comments Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
BAT20Ag - 14 
peak 1 of 3 
shallow 
7 DG V R 5  208 18 36.4 < 18 0.7 H2SE 67 846 293.0 11.1 H2SE 57 10.9 54 22.0 9.9 40.2 10.1 89 23.1 77.1 12.0 75.2 9.3 9.3 H2SE H2SE 
BAT20Ag - 14 
trough 1 of 2 
shallow 
7 DG V R 5  245 14 37.1 < 21 H2SE H2SE 69 789 293.0 11.1 4.7 28 6.2 33 18.3 9.2 33.6 9.6 83 21.8 74.2 11.7 75.2 9.2 10.6 H2SE H2SE 
BAT20Ag - 15 7 DG V R 5  257 15 37.7 19.3 1.3 0.3 65 772 323.3 11.2 6.3 32 7.0 44 24.4 7.0 44.7 10.9 90 22.0 71.9 11.1 69.8 8.2 9.7 0.04 H2SE 
BAT20Ah - 1 5 DG D R 1  254 < 15 35.7 < 18 1.8 < 0.16 68 978 732.6 11.7 14.7 69 14.7 95 48.0 8.1 81.8 17.3 132 30.1 97.4 14.5 93.3 11.2 H2SE 0.42 0.6 
BAT20Ah - 2 5 DG D C 1  224 < 10 30.3 21.2 1.7 0.2 73 864 332.0 11.1 8.2 48 11.8 84 46.7 7.8 95.0 21.0 162 36.8 105.2 13.3 75.4 8.4 H2SE 0.03 0.1 
BAT20Ah - 3 5 DG D R 1  338 < 12 29.4 < 19 2.2 0.3 65 979 349.6 12.3 23.3 117 24.0 137 57.7 14.2 90.7 18.5 141 32.1 102.5 16.1 108.3 13.9 H2SE 0.68 0.8 
BAT20Ah - 4 5 DG D R 2  336 < 11 28.5 20.2 2.0 0.3 68 1351 727.5 9.7 6.8 46 12.8 104 68.7 8.5 163.8 36.0 278 62.7 172.1 20.0 103.2 11.4 H2SE 0.20 0.2 
BAT20Ah - 5 5 DG D C 2  330 < 12 37.3 H2SE 2.1 0.4 65 1223 496.9 10.1 13.2 74 16.6 105 54.3 13.6 102.7 24.0 192 43.6 131.9 17.4 104.5 11.9 H2SE 0.81 0.8 
BAT20Ah - 6 5 DG D R 2  240 14 27.5 < 28 3.0 0.2 84 953 458.4 7.9 8.6 53 13.3 89 46.9 7.2 93.5 21.8 177 41.1 120.9 15.6 84.8 9.7 H2SE 0.23 0.2 
BAT20Ah - 7 5 DG D R 3  254 13 24.5 < 22 2.7 < 0.19 78 779 362.1 10.7 9.0 51 12.2 81 41.2 5.8 68.7 14.7 111 25.1 77.2 11.0 64.9 7.5 H2SE 0.05 0.1 
BAT20Ah - 8 5 DG D R 4  99 < 11 27.8 < 20 2.8 H2SE 89 433 178.7 7.4 5.6 30 7.2 54 31.2 4.6 64.2 12.9 89 18.9 49.6 5.8 32.8 4.1 1.2 0.02 0.1 
BAT20Ah - 9 5 DG D R 5  259 < 10 25.4 20.1 2.7 0.3 72 1127 700.0 9.6 11.8 60 14.5 101 63.4 6.8 137.3 30.6 231 51.3 141.0 16.4 85.9 9.5 1.8 0.23 0.5 
BAT20Ah - 10 5 DG D R 6  239 H2SE 30.6 23.6 3.9 < 0.15 67 528 455.2 7.3 29.7 158 36.8 253 125.8 5.2 193.6 32.1 172 25.0 49.4 5.2 26.0 2.6 2.8 H2SE 0.1 
BAT20Ah - 11 5 DG D R 7  731 21 26.4 32.2 3.3 0.2 101 737 350.9 10.1 10.2 52 12.0 80 40.8 4.6 69.4 15.2 113 25.9 78.0 10.9 63.5 7.3 H2SE 2.68 1.1 
BAT20Ah - 12 
shallow 
5 DG D R 8  3140 56 33.2 122.0 H2SE 70.0 241 553 363.0 7.5 15.5 67 15.7 104 63.0 8.9 106.6 21.5 137 26.5 69.5 7.8 44.7 4.9 31.0 41.00 16.6 
BAT24Aa - 1 6 GG V R 1 PkSch 208 192 21.3 277.0 1.0 0.2 195 248 13.9 8.2 7.3 38 9.2 67 28.4 8.3 38.7 6.9 48 11.1 32.1 4.2 24.3 3.2 18.4 0.09 0.0 
BAT24Aa - 2 6 GG V R 1 Main vein 257 75 14.7 100.0 H2SE < 0.14 205 150 7.7 9.4 8.3 34 5.9 31 9.2 4.4 12.3 2.6 21 4.9 16.0 2.3 14.2 1.7 11.7 0.03 0.0 
BAT24Aa - 3 6 GG V R 1 Main vein 218 74 19.5 76.0 0.8 < 0.19 229 465 14.9 4.9 53.5 140 18.3 72 15.6 15.0 17.7 4.1 35 9.4 37.4 7.9 73.7 11.4 11.1 7.92 1.2 
BAT24Aa - 4 6 GG V C 1 Main vein 184 H2SE 12.1 H2SE < 0.44 < 0.17 174 286 51.1 4.8 8.4 32 5.0 23 6.3 10.0 9.7 2.5 24 7.2 29.0 5.3 36.5 4.8 23.8 0.08 0.0 
BAT24Aa - 5 6 GG V C 1 Main vein 187 16 18.4 76.0 0.5 0.2 191 247 9.1 6.0 5.3 26 4.4 19 5.3 7.5 8.5 2.3 21 5.7 22.6 4.1 30.3 3.9 24.8 0.09 0.1 
BAT24Aa - 6 6 GG V C 1 Main vein 176 H2SE 29.0 H2SE 1.3 0.3 212 486 11.6 4.1 59.0 186 26.9 118 28.5 13.8 32.0 6.8 51 13.0 44.5 8.5 64.0 8.2 12.6 0.45 H2SE 
BAT24Aa - 7 6 GG V R 1 Main vein 293 51 13.0 89.0 H2SE 0.3 222 339 13.8 4.6 9.2 40 7.6 41 13.2 6.6 18.9 4.4 40 10.5 37.5 6.1 40.6 4.8 15.7 0.11 0.0 
BAT24Aa - 9 6 GG V R 2 Main vein 846 1108 49.1 1207.0 2.6 0.3 546 170 52.9 7.8 150.1 343 40.8 150 31.2 12.9 27.3 5.0 31 6.0 16.9 2.3 15.2 2.1 44.0 62.20 24.5 
BAT24Aa - 10 6 GG V R 2 PkSch 1720 3340 73.0 6300.0 5.9 2.0 794 301 118.5 7.3 105.3 367 55.7 251 59.5 12.4 58.5 10.2 67 13.6 38.7 5.2 29.8 3.7 69.4 24.60 8.0 
BAT24Aa - 11 6 GG V R 3 PkSch 281 49 60.0 16.9 1.6 H2SE 260 250 66.7 7.2 217.0 513 59.7 200 38.2 14.9 30.2 5.5 37 7.4 22.0 3.3 22.8 3.0 14.9 33.60 12.8 
BAT24Aa - 12 6 GG V R 3 PkSch 275 338 50.7 460.0 1.0 < 0.19 430 102 38.0 6.1 136.4 280 29.7 97 18.2 8.7 15.2 2.7 17 3.2 8.6 1.3 8.1 1.1 21.5 57.74 18.2 
BAT24Aa - 13 6 GG V R 4 PkSch 376 45 24.8 46.9 2.3 0.2 388 206 62.6 6.0 145.2 416 55.8 220 46.3 12.2 40.5 6.9 43 8.2 22.1 2.8 16.3 2.1 26.9 39.40 20.3 
BAT24Aa - 14 6 GG V R 4 PkSch 256 69 98.6 < 17 2.7 < 0.2 310 266 70.1 6.1 299.0 698 86.1 333 67.0 16.4 56.6 8.9 54 10.2 26.7 3.5 22.5 3.1 18.3 49.66 26.6 
BAT24Aa - 15 6 GG V R 5 PkSch 293 42 42.9 < 19 1.3 < 0.24 173 513 74.2 7.2 31.4 128 23.4 124 43.3 7.8 62.5 13.1 101 22.6 66.9 8.6 45.8 5.2 7.7 0.07 0.0 
BAT24Aa - 16 6 GG V R 5 PkSch 229 38 53.0 18.2 1.2 H2SE 175 474 72.1 7.0 30.6 114 20.5 115 44.9 6.8 70.5 14.6 107 23.2 63.7 7.6 38.8 4.2 9.4 0.05 0.0 
BAT24Aa - 17 6 GG V R 6 PkSch 186 56 62.4 < 15 < 0.33 < 0.13 242 60 13.1 6.4 86.4 115 8.9 22 3.5 5.4 2.9 0.6 5 1.0 3.5 0.7 6.6 1.0 11.1 36.68 7.9 
BAT24Aa - 18 6 GG V R 7 PkSch 499 680 34.9 990.0 2.1 < 0.15 334 190 34.9 5.6 272.0 552 57.4 169 27.7 15.0 19.7 3.6 24 4.7 14.2 2.3 15.1 2.0 20.9 44.20 12.1 
BAT24Aa - 19 6 GG V R 8 PkSch 154 86 74.5 < 13 H2SE < 0.14 274 60 24.1 7.1 119.0 144 10.0 22 2.9 6.4 2.3 0.5 4 0.8 3.2 0.7 7.2 1.2 17.9 53.56 21.9 
BAT24Aa - 20 6 GG V R 8 Main vein 176 91 70.7 19.9 H2SE < 0.2 276 126 15.0 7.8 156.4 184 12.4 26 4.3 11.1 3.4 0.8 6 1.5 5.9 1.4 14.9 2.4 15.9 50.00 17.8 
BAT24Ab - 1 6 GG V R 1 Main vein 282 42 27.9 18.1 1.0 < 0.16 250 216 26.7 5.3 96.1 279 35.8 131 26.4 12.2 23.2 4.4 29 6.7 21.3 3.3 21.6 2.7 16.8 0.84 0.2 
BAT24Ab - 2 6 GG V R 1 
In 2 mm 
veinlet 
568 38 13.3 18.7 2.7 < 0.19 565 220 33.3 5.5 45.7 122 16.9 74 21.3 8.0 27.2 5.3 37 8.5 25.6 3.6 23.3 2.9 49.4 0.68 0.2 
BAT24Ab - 3 6 GG V R 2 
In 2 mm 
veinlet 
186 48 64.3 31.1 1.1 < 0.14 250 147 33.2 5.0 77.8 212 29.5 131 28.8 9.1 26.6 4.4 27 5.7 16.5 2.2 13.9 1.7 14.7 1.45 0.6 
BAT24Ab - 4 6 GG V R 3 
In 2 mm 
veinlet 
234 30 19.6 < 13 0.7 < 0.18 345 166 13.7 5.3 51.8 113 13.1 48 11.0 8.9 13.0 2.8 20 4.7 15.6 2.6 19.7 2.8 27.7 8.47 2.4 
BAT24Ab - 5 6 GG V R 4 
In 2 mm 
veinlet 
530 61 16.3 900.0 2.1 < 0.17 832 146 19.5 4.8 39.8 105 13.2 50 13.9 8.1 15.9 3.2 21 4.4 13.9 2.2 15.7 2.1 45.1 2.46 0.5 
206 
Analysis ID Session Host Texture 
Core/ 
Rim Grain Comments Na Mg Mn Fe As Rb Sr Y Nb Mo La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U 
BAT24Ab - 6 6 GG V R 5 
In 2 mm 
veinlet 
1160 101 25.8 15.3 0.8 < 0.18 257 99 28.2 5.2 53.2 144 18.7 77 17.0 6.5 15.4 2.6 16 3.2 9.4 1.4 9.3 1.2 39.6 1.85 0.8 
BAT24Ab - 7 6 GG V R 6 
In 2 mm 
veinlet 
270 37 23.0 14.1 0.9 < 0.12 213 380 25.9 5.8 41.5 126 17.5 78 25.4 12.8 40.7 8.4 62 14.3 43.8 6.0 38.2 4.8 14.1 1.28 0.4 
BAT24Ab - 8 6 GG V R 7 
In 2 mm 
veinlet 
477 31 10.4 350.0 1.7 0.2 364 396 44.8 7.0 22.6 76 13.6 77 32.2 9.1 57.7 12.3 88 20.2 56.0 6.6 34.1 3.7 50.2 0.33 0.1 
BAT24Ab - 9 6 GG V R 8 
In 2 mm 
veinlet 
286 59 30.7 67.0 1.2 < 0.14 264 163 20.7 6.3 136.0 311 36.3 132 25.5 10.7 22.1 3.8 25 5.4 16.6 2.4 16.3 2.0 27.3 1.47 0.4 
BAT24Ab - 10 6 GG V R 9 Main vein 112 36 39.0 < 13 0.5 < 0.094 260 129 14.1 5.0 49.2 94 11.4 46 11.1 10.4 11.9 2.4 17 3.7 12.2 2.1 17.5 2.7 13.0 10.70 3.5 
BAT24Ab - 11 6 GG V R 10 Main vein 181 41 32.9 < 19 0.8 < 0.13 255 129 24.7 5.4 64.1 169 21.1 79 16.1 8.2 15.5 2.8 20 4.4 13.9 2.1 13.4 1.6 17.5 2.09 0.6 
BAT24Ab - 12 6 GG V R 11 Main vein 284 30 20.0 25.1 0.8 < 0.14 269 220 27.5 5.4 34.6 101 14.7 64 17.9 8.3 23.8 4.9 35 8.0 24.3 3.5 21.9 2.7 25.3 5.87 3.4 
BAT24Ab - 13 6 GG V R 12 Main vein 273 72 20.5 86.0 1.0 < 0.13 302 169 13.4 6.5 35.1 92 12.3 51 13.7 7.6 18.2 3.8 27 6.0 18.2 2.7 16.2 2.0 29.8 5.20 1.9 
BAT24Ab - 14 6 GG W R 13 Main vein 265 59 34.3 18.0 1.1 < 0.19 274 189 50.3 5.0 74.3 203 28.3 129 31.0 9.5 30.4 5.2 33 6.9 20.2 2.9 19.3 2.6 13.2 5.09 1.3 
BAT24Ab - 15 6 GG W R 14 Main vein 274 23 19.8 14.1 1.5 < 0.12 277 204 20.4 4.7 82.4 239 34.1 152 33.9 9.9 32.9 5.4 36 7.4 21.9 3.2 21.7 2.9 13.9 1.62 0.5 
BAT24Ab - 16 6 GG W R 14 Main vein 153 19 24.6 < 17 0.8 < 0.11 329 129 14.8 5.0 57.6 152 20.0 80 17.3 7.7 16.6 3.0 20 4.3 12.9 2.0 13.5 1.8 27.5 2.73 1.0 
BAT24Ab - 17 6 GG D R - Main vein 1278 2927 88.1 
23800.
0 
10.1 6.8 1313 182 70.7 7.9 44.5 151 25.5 127 42.8 13.2 49.8 8.7 51 8.5 20.4 2.3 12.7 1.3 65.8 25.90 8.7 
BAT24Ab - 18 6 GG D R - Main vein 681 920 25.0 1208.0 3.4 0.3 1016 174 53.5 6.6 47.2 134 18.3 77 24.3 9.2 29.8 5.6 35 6.7 17.5 2.1 11.8 1.4 48.6 37.00 19.3 
BAT24Ab - 19 6 GG D R - Main vein 766 1280 61.8 
24100.
0 
10.0 < 0.25 1380 221 58.8 6.7 22.0 85 17.1 106 45.7 11.9 62.9 11.1 67 11.9 28.0 3.2 15.4 1.6 85.1 8.93 3.0 
BAT24Ab - 20 6 GG D R - 
In 2 mm 
veinlet 
590 73 26.2 63.0 1.1 < 0.21 397 66 50.3 7.5 50.8 153 21.8 92 18.6 4.1 15.5 2.4 14 2.4 6.4 0.8 5.2 0.6 43.7 4.26 2.8 
BAT24Ab - 21 6 GG D R - 
In 2 mm 
veinlet 
432 362 322.0 
57100.
0 
14.6 0.8 2096 273 45.6 6.4 23.3 99 21.1 129 61.5 18.6 85.0 15.4 89 14.9 33.8 3.7 18.6 1.7 80.3 5.82 2.0 
BAT24Ab - 22 6 GG D R - 
In 2 mm 
veinlet 
437 54 14.2 374.0 3.8 0.2 895 172 59.6 7.3 72.2 242 37.7 179 46.9 10.6 52.6 8.7 50 8.7 19.8 2.1 11.1 1.1 49.4 13.35 3.9 
BAT24Ab - 23 6 GG D R - 
In 2 mm 
veinlet 
820 170 24.0 202.0 1.0 1.1 364 69 34.1 8.0 114.3 181 16.3 49 9.4 7.5 8.3 1.5 9 1.7 4.8 0.7 5.5 0.7 37.2 67.80 27.6 
BAT24Ab - 24 6 GG D R - 
In 2 mm 
veinlet 
891 1750 37.5 5230.0 6.3 2.2 1132 195 48.7 7.5 31.8 105 17.9 93 34.0 12.1 42.9 7.8 46 8.4 21.1 2.6 15.3 1.8 56.2 36.00 10.9 
BAT24Ab - 28 6 GG D R - 
In 2 mm 
veinlet 
380 168 16.2 428.0 3.6 8.5 965 166 65.8 7.8 48.4 172 28.0 135 43.8 12.2 51.7 8.7 48 8.0 18.4 2.1 11.1 1.1 52.9 40.00 13.7 
BAT24Ab - 29 6 GG D R - 
In 2 mm 
veinlet 
944 1932 35.2 5060.0 6.0 1.8 1396 194 79.2 8.5 37.7 133 23.5 123 43.1 12.3 53.5 9.4 55 9.9 23.2 2.7 14.4 1.4 51.8 18.19 9.1 
BAT24Ab - 30 6 GG D R - 
In 2 mm 
veinlet 





Table D-2: LA-ICPMS Sr isotope results of scheelite analyses from Batemans Creek (BAT) and Canaan Downs (CAN, OU15013, OU15014 
and OU13940). Results of the standard reference material EN-1 (Tridacna Clam) also shown along with 87Sr/86Sr correction factors. DG = Dunphy 
Granite, GG = Greeland Group, CG = Canaan Granodiorite, AMG = Arthur Marble Group, SPS = Separation Point Suite, V = Vein hosted, D = 
Disseminated, Sch = scheelite, Tor = tourmaline, Epd = epidote, Plg = plagioclase. Note: * = instrumental drift corrected 87Sr/86Sr reported.  
 
Analysis ID Session Host Texture Mineral 87Sr/86Sr 2SE Count MSWD 84Sr/86Sr  2SE Est. 87Rb/86Sr 
Tuesday-BAT            
Tridacna_03 1 - - - 0.70913 0.00009 32 1.4 0.05742 0.00005 0.00004 
Tridacna_04 1 - - - 0.70903 0.00008 34 1.1 0.05735 0.00007 0.00004 
Tridacna_05 1 - - - 0.70917 0.00009 33 1.3 0.05762 0.00006 0.00005 
Tridacna_06 1 - - - 0.70919 0.00008 33 0.9 0.05759 0.00008 0.00005 
Tridacna_07 1 - - - 0.70925 0.00008 31 1.1 0.05739 0.00007 0.00004 
Tridacna_08 1 - - - 0.70919 0.00008 34 1.0 0.05749 0.00009 0.00004 
Tridanca_09 1 - - - 0.70925 0.00007 32 0.7 0.05737 0.00009 0.00005 
Tridacna_10 1 - - - 0.70919 0.00007 33 0.7 0.05749 0.00009 0.00005             
BAT20Aa_01 (1st half) 1 DG V Sch 0.70833 0.00050 19 6.6 0.06496 0.00013 0.00126 
BAT20Aa_01 (2nd half) 1 DG V Sch 0.71017 0.00031 18 2.6 0.06410 0.00015 0.00101 
BAT20Aa_02 1 DG V Sch 0.70898 0.00017 47 2.2 0.06495 0.00010 0.00059 
BAT20Aa_03 1 DG V Sch 0.70886 0.00017 31 1.6 0.06415 0.00006 0.00049 
BAT20Aa_04 (1st half) 1 DG V Sch 0.70904 0.00025 18 2.0 0.06371 0.00012 0.00085 
BAT20Aa_04 (2nd half) 1 DG V Sch 0.70952 0.00023 27 2.5 0.06359 0.00009 0.00078 
BAT20Aa_05 1 DG V Sch 0.70922 0.00019 30 2.0 0.06318 0.00013 0.00092 
BAT20Aa_06 (middle) 1 DG V Sch 0.70886 0.00020 33 2.2 0.06494 0.00011 0.00076 
BAT20Aa_07 1 DG V Sch 0.70948 0.00018 62 3.2 0.06514 0.00008 0.00089 
BAT20Aa_08 1 DG V Sch 0.71481 0.00040 16 5.1 0.06375 0.00012 0.00056 
BAT20Aa_08 (end bkgrd) 1 DG V Sch 0.71498 0.00040 16 5.1 0.06354 0.00012 0.00055 
BAT20Aa_10 (1st half) 1 DG V Sch 0.71850 0.00026 13 2.3 0.06096 0.00014 0.00503 
BAT20Aa_10 (2nd half) 1 DG V Sch 0.70923 0.00031 27 4.7 0.06424 0.00012 0.00103 
BAT20Ab_01 (end) 1 DG D Sch 0.71246 0.00049 11 3.9 0.06530 0.00023 0.00120 
BAT20Ab_03 1 DG D Sch 0.70898 0.00025 18 1.6 0.06546 0.00019 0.00061 
BAT20Ac_01 1 DG D Sch 0.70895 0.00017 47 2.2 0.06555 0.00008 0.00083 
BAT20Ac_02 (2nd half, rising 87/86) 1 DG D Sch 0.71219 0.00061 20 14.1 0.06471 0.00023 0.00117 
BAT20Ac_03 1 DG D Sch 0.71376 0.00030 30 4.7 0.06418 0.00011 0.00083 
BAT20Ac_04 1 DG D Sch 0.71143 0.00046 14 5.3 0.06471 0.00013 0.00076 
BAT20Ac_05 1 DG D Sch 0.71130 0.00025 33 3.6 0.06475 0.00009 0.00122 
BAT20Ah_01 (start two 3rds) 1 DG D Sch 0.70990 0.00032 26 4.7 0.06527 0.00010 0.00532 
BAT20Ah_01  (end rising 87/86) 1 DG D Sch 0.71229 0.00060 10 7.6 0.06468 0.00023 0.00142 
BAT20Ah_02 (falling 87/86) 1 DG D Sch 0.71831 0.00110 23 50.6 0.06445 0.00018 0.00179 
BAT20Ah_03 1 DG D Sch 0.71091 0.00025 18 1.7 0.06557 0.00016 0.00259 
BAT24Aa_01 (slight falling 87/86) 1 GG V Sch 0.72371 0.00037 42 27.5 0.05844 0.00004 0.00017 
BAT24Aa_02 1 GG V Sch 0.72269 0.00011 32 1.5 0.05866 0.00005 0.00013 
BAT24Aa_03 1 GG V Sch 0.72271 0.00010 22 1.1 0.05831 0.00005 0.00021 
BAT24Aa_04 (start) 1 GG V Sch 0.72380 0.00018 27 4.4 0.05837 0.00005 0.00121 
BAT24Aa_04 (middle??) 1 GG V Sch 0.72728 0.00034 11 7.6 0.05796 0.00006 0.00057 
BAT24Aa_04 (end??) 1 GG V Sch 0.72931 0.00059 7 20.2 0.05771 0.00002 0.00020 
BAT24Aa_05 1 GG V Sch 0.72209 0.00008 47 1.5 0.05866 0.00005 0.00093             
Tridacna_12* 2 - - - 0.70916 0.00008 33 1.1 0.05736 0.00009 0.00005 
Tridacna_13* 2 - - - 0.70918 0.00007 34 0.9 0.05717 0.00009 0.00004 
Tridacna_14* 2 - - - 0.70922 0.00007 31 0.8 0.05737 0.00009 0.00006 
Tridacna_15* 2 - - - 0.70915 0.00006 33 0.7 0.05755 0.00008 0.00004 
Tridacna_17* 2 - - - 0.70917 0.00006 32 0.9 0.05740 0.00006 0.00003 
Tridacna_18* 2 - - - 0.70917 0.00008 31 1.4 0.05735 0.00006 0.00003             
BAT24Ab_01 (1st half)* 2 GG V Sch 0.72396 0.00016 16 2.4 0.05892 0.00008 0.00035 
BAT24Ab_01 (2nd half)* 2 GG V Sch 0.72577 0.00018 13 2.5 0.05842 0.00006 0.00064 
BAT24Ab_02* 2 GG V Sch 0.72390 0.00046 20 24.0 0.05885 0.00008 0.00053 
BAT24Ab_03 (1st half)* 2 GG V Sch 0.72465 0.00011 18 1.6 0.05833 0.00004 0.00021 
BAT24Ab_03 (2nd half)* 2 GG V Sch 0.72978 0.00053 10 29.8 0.05792 0.00005 0.00014 
BAT24Ab_04* 2 GG V Sch 0.72268 0.00007 35 1.2 0.05858 0.00004 0.00030 
BAT24Ab_05* 2 GG V Sch 0.72498 0.00012 25 2.3 0.05825 0.00006 0.00060 
BAT24Ab_06* 2 GG D Sch 0.73685 0.00009 62 6.3 0.05691 0.00001 0.00295 
BAT24Ab_07 (2nd half)* 2 GG D Sch 0.73544 0.00017 34 8.8 0.05695 0.00003 0.00437 
BAT24Ab_09* 2 GG D Sch 0.73622 0.00023 50 18.0 0.05693 0.00003 0.00426 
BAT24Ab_10 (1st half)* 2 GG D Sch 0.73675 0.00026 17 10.6 0.05688 0.00005 0.00372 
BAT24Ab_10 (2nd half)* 2 GG D Sch 0.73494 0.00034 21 14.8 0.05713 0.00005 0.00242 
BAT24Ab_12 (middle)* 2 GG D Sch 0.73613 0.00018 40 5.7 0.05684 0.00006 0.00197 
BAT24Ab_12 (end)* 2 GG D Sch 0.73697 0.00015 30 5.3 0.05688 0.00002 0.00208 
BAT24Ab_13 (start)* 2 GG D Tor 0.72451 0.00017 14 1.5 0.05637 0.00009 0.00203 
BAT24Ab_14 (end)* 2 GG D Tor 0.72542 0.00009 8 0.2 0.05633 0.00009 0.00521 
                        
                        
Tuesday-CAN            
Tridacna_22 2.80J/cm2 3 - - - 0.70915 0.00006 34 1.0 0.05756 0.00006 0.00004 
Tridacna_23 2.80J/cm2 3 - - - 0.70920 0.00004 34 0.6 0.05732 0.00006 0.00003 
Tridacna_24 3 - - - 0.70915 0.00004 33 0.5 0.05721 0.00006 0.00006 
Tridacna_25 3 - - - 0.70919 0.00005 34 0.6 0.05746 0.00006 0.00005 
Tridacna_27 3 - - - 0.70920 0.00006 28 0.8 0.05740 0.00009 0.00004 
Tridacna_28 3 - - - 0.70916 0.00006 33 0.9 0.05737 0.00007 0.00004             
CAN2Aa_01 3 CG 1 Sch 0.70587 0.00006 58 1.3 0.05742 0.00003 0.00011 
CAN2Aa_02 3 CG 1 Sch 0.70591 0.00005 73 1.4 0.05734 0.00003 0.00018 
CAN2Aa_03 3 CG 1 Sch 0.70590 0.00007 58 2.3 0.05738 0.00003 0.00010 
CAN2Aa_04 3 CG 1 Sch 0.70589 0.00004 73 1.0 0.05751 0.00004 0.00008 
CAN2Aa_05 3 CG 1 Sch 0.70569 0.00004 99 1.1 0.05744 0.00003 0.00011 
CAN2Af_01 3 CG 1 Sch 0.70593 0.00004 33 0.6 0.05715 0.00003 0.00009 
CAN2Af_02 3 CG 1 + 2 Sch 0.70599 0.00004 34 0.5 0.05710 0.00003 0.00020 
CAN2Af_03 3 CG 1 Sch 0.70602 0.00004 65 0.9 0.05709 0.00002 0.00010 
CAN2Af_04 3 CG 1 + 2 Sch 0.70601 0.00003 137 1.1 0.05715 0.00002 0.00018 
CAN2Ae_01 (1st half) 3 CG 1 Sch 0.70594 0.00006 28 0.8 0.05737 0.00005 0.00028 
CAN2Ae_01 (middle) 3 CG 1 Sch 0.70546 0.00010 13 0.8 0.05758 0.00005 0.00021 
CAN2Ae_01 (all) 3 CG 1 Sch 0.70579 0.00007 65 2.2 0.05744 0.00003 0.00032 
CAN2Ae_02 3 CG 1 Sch 0.70590 0.00004 81 1.2 0.05743 0.00003 0.00010 
CAN2Ae_03 3 CG 1 Sch 0.70604 0.00005 66 1.4 0.05716 0.00004 0.00021 
CAN2Ae_04 3 CG 1 Sch 0.70600 0.00003 123 1.2 0.05721 0.00002 0.00009 
                        
                        
Wednesday            
Tridacna_01 4 - - - 0.70914 0.00007 30 0.8 0.05733 0.00007 0.00006 
Tridacna_02 4 - - - 0.70910 0.00006 35 0.7 0.05743 0.00006 0.00004 
Tridacna_03 4 - - - 0.70917 0.00008 34 1.1 0.05736 0.00006 0.00005 
Tridacna_04 4 - - - 0.70924 0.00009 34 1.2 0.05748 0.00006 0.00004 
Tridacna_05 4 - - - 0.70914 0.00008 33 1.0 0.05723 0.00008 0.00004 
Tridacna_06 4 - - - 0.70913 0.00009 34 1.1 0.05742 0.00010 0.00004 
Tridacna_07 4 - - - 0.70916 0.00009 33 1.2 0.05751 0.00007 0.00004 
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Analysis ID Session Host Texture Mineral 87Sr/86Sr 2SE Count MSWD 84Sr/86Sr  2SE Est. 87Rb/86Sr 
Tridacna_08 4 - - - 0.70922 0.00009 35 1.1 0.05741 0.00008 0.00003 
Tridacna_09 4 - - - 0.70925 0.00006 35 0.6 0.05722 0.00008 0.00004 
Tridacna_10 4 - - - 0.70919 0.00010 33 1.3 0.05726 0.00006 0.00002 
Tridacna_11 4 - - - 0.70918 0.00010 32 1.5 0.05728 0.00008 0.00002 
Tridacna_12 4 - - - 0.70916 0.00008 34 0.9 0.05743 0.00008 0.00003 
Tridacna_13 4 - - - 0.70923 0.00007 34 0.6 0.05724 0.00006 0.00003 
Tridacna_14 4 - - - 0.70914 0.00010 34 1.3 0.05734 0.00007 0.00003 
Tridacna_15 4 - - - 0.70919 0.00009 34 1.2 0.05729 0.00010 0.00003             
013_01 4 CG/AMG 3 Sch 0.70531 0.00013 27 1.5 0.05812 0.00004 0.00002 
013_02 4 CG/AMG 3 Sch 0.70539 0.00013 27 1.5 0.05815 0.00004 0.00009 
013_03 4 CG/AMG 3 Sch 0.70531 0.00007 28 0.4 0.05817 0.00005 0.00012 
013_04 4 CG/AMG 3 Sch 0.70534 0.00014 28 1.6 0.05813 0.00006 0.00007 
013_05 4 CG/AMG 3 Sch 0.70563 0.00013 26 1.6 0.05800 0.00005 0.00009 
014_01 4 CG/AMG 3 Sch 0.70595 0.00005 37 0.6 0.05727 0.00002 0.00000 
014_02 4 CG/AMG 3 Sch 0.70597 0.00005 37 0.7 0.05732 0.00002 -0.00001 
014_03 4 CG/AMG 3 Sch 0.70597 0.00005 37 0.6 0.05733 0.00002 0.00003 
014_04 4 CG/AMG 3 Sch 0.70598 0.00006 38 1.1 0.05722 0.00002 0.00002 
014_05 4 CG/AMG 3 Sch 0.70597 0.00005 38 0.7 0.05721 0.00001 0.00001 
940_01 4 CG/AMG 3 Sch 0.70775 0.00014 27 1.0 0.06334 0.00008 0.00015 
940_02 4 CG/AMG 3 Sch 0.70834 0.00020 28 1.8 0.06346 0.00007 0.00036 
940_03 4 CG/AMG 3 Sch 0.70824 0.00016 27 1.4 0.06294 0.00011 0.00229 
940_04 4 CG/AMG 3 Sch 0.70812 0.00013 26 0.9 0.06188 0.00007 0.00017 
940_05 4 CG/AMG 3 Sch 0.70814 0.00018 24 1.6 0.06190 0.00010 0.00007 
                        
                        
Thursday            
Tridacna_01 5 - - - 0.70922 0.00006 28 0.8 0.05735 0.00007 0.00004 
Tridacna_02 5 - - - 0.70919 0.00005 36 0.5 0.05745 0.00006 0.00003 
Tridacna_03 5 - - - 0.70912 0.00005 32 0.5 0.05747 0.00007 0.00003 
Tridacna_04 5 - - - 0.70918 0.00008 35 1.2 0.05750 0.00010 0.00004 
Tridacna_05 5 - - - 0.70919 0.00006 34 0.7 0.05733 0.00006 0.00003 
Tridacna_06 5 - - - 0.70920 0.00007 36 0.7 0.05755 0.00009 0.00005 
Tridacna_07 5 - - - 0.70914 0.00007 35 0.8 0.05752 0.00005 0.00004 
Tridacna_08 5 - - - 0.70920 0.00007 36 0.9 0.05734 0.00008 0.00004 
Tridacna_09 5 - - - 0.70918 0.00007 33 0.9 0.05740 0.00006 0.00003 
Tridacna_10 5 - - - 0.70919 0.00008 30 0.8 0.05742 0.00008 0.00004 
Tridacna_11 5 - - - 0.70921 0.00008 27 0.9 0.05769 0.00008 0.00003 
Tridacna_12 5 - - - 0.70910 0.00008 34 1.2 0.05757 0.00006 0.00004 
Tridacna_13 5 - - - 0.70921 0.00007 34 0.9 0.05749 0.00008 0.00003 
Tridacna_14 5 - - - 0.70913 0.00007 34 0.8 0.05760 0.00006 0.00004 
Tridacna_15 5 - - - 0.70920 0.00008 33 1.1 0.05769 0.00008 0.00004 
Tridacna_16 5 - - - 0.70915 0.00008 34 1.0 0.05767 0.00006 0.00005             
CAN2Ba_01 5 CG - Epd 0.70564 0.00008 16 0.6 0.05662 0.00005 0.00018 
CAN2Ba_02 5 CG - Epd 0.70565 0.00009 16 1.0 0.05662 0.00004 0.00093 
CAN2Ba_03 5 CG - Epd 0.70542 0.00007 53 1.7 0.05668 0.00002 0.00118 
CAN2Ba_06 5 CG - Epd 0.70565 0.00011 20 1.3 0.05670 0.00005 0.00069 
CAN2Ba_07 (1st two 3rds) 5 CG - Epd 0.70554 0.00007 24 1.0 0.05668 0.00003 0.00042 
CAN2Ba_07 (all, high Kr at end) 5 CG - Epd 0.70551 0.00006 40 0.9 0.05709 0.00025 0.00050 
CAN2Ba_09 5 CG - Epd 0.70559 0.00005 22 0.3 0.05665 0.00003 0.00523 
CAN2Ba_10 5 CG - Epd 0.70556 0.00008 20 0.9 0.05674 0.00003 0.00100 
CAN3Aa_02 (start) 5 CG - Plg 0.70493 0.00009 7 0.2 0.05664 0.00016 #DIV/0! 
CAN3Aa_03 5 CG - Plg 0.70563 0.00017 45 3.1 0.05650 0.00009 0.00438 
CAN3Aa_05 5 CG - Plg 0.70498 0.00011 31 1.2 0.05664 0.00005 0.00546 
CAN4Aa_02 5 SPS - Plg 0.70524 0.00013 44 1.8 0.05646 0.00006 0.00358                         
Rejected - anomalous 87Sr/86Sr            
Tridacna_11 2 - - - 0.70920 0.00007 33 0.9 0.05726 0.00008 0.00004             
Rejected - est Rb/Sr >0.002            
BAT20Aa_06 (end) 1 DG V Sch 0.71025 0.00032 9 1.5 0.06445 0.00020 0.01081 
BAT20Aa_09 (1st half) 1 DG V Sch 0.71375 0.00037 18 6.8 0.06228 0.00018 0.01858 
BAT20Aa_09 (2nd half) 1 DG V Sch 0.71723 0.00019 34 5.1 0.06105 0.00008 0.03846 
BAT20Ab_01 (start - high Rb) 1 DG D Sch 0.71721 0.00091 12 21.9 0.06396 0.00013 0.21035 
BAT20Ab_02 1 DG D Sch 0.70975 0.00046 18 8.8 0.06521 0.00014 1.04275 
BAT20Ac_02 (1st half) 1 DG D Sch 0.70980 0.00026 21 2.6 0.06520 0.00013 0.02912 
BAT24Ab_07 (1st half)* 2 GG D Sch 0.73717 0.00012 24 4.3 0.05691 0.00002 0.01620 
BAT24Ab_08 (start)* 2 GG D Sch 0.73355 0.00039 11 4.1 0.05700 0.00018 0.11630 
BAT24Ab_08 (middle)* 2 GG D Sch 0.72700 0.00358 5 31.2 0.05557 0.00099 0.00659 
BAT24Ab_08 (end)* 2 GG D Sch 0.73653 0.00026 9 3.1 0.05696 0.00005 0.01156 
BAT24Ab_11 (start)* 2 GG D Sch 0.73639 0.00041 13 10.5 0.05699 0.00005 0.02465 
BAT24Ab_11 (end)* 2 GG D Sch 0.73097 0.00026 10 2.3 0.05742 0.00011 0.00855 
BAT24Ab_13 (end)* 2 GG D Tor 0.72641 0.00008 16 0.4 0.05643 0.00010 0.01647 
BAT24Ab_14 (start)* 2 GG D Tor 0.72594 0.00028 7 2.3 0.05638 0.00004 0.00687 
BAT24Ab_14 (middle)* 2 GG D Tor 0.72778 0.00014 23 2.0 0.05634 0.00006 0.00767 
CAN2Ba_04 5 CG - Epd 0.70557 0.00013 20 1.6 0.05675 0.00005 0.02336 
CAN2Ba_05 5 CG - Epd 0.70581 0.00023 11 2.6 0.05664 0.00009 0.01538 
CAN2Ba_08 5 CG - Epd 0.70560 0.00010 30 1.6 0.05672 0.00003 0.00572 
CAN3Aa_01 (1st half) 5 CG - Plg 0.70507 0.00008 30 1.2 0.05662 0.00002 0.01253 
CAN3Aa_01 (2nd half - peak??) 5 CG - Plg 0.70813 0.00036 20 9.2 0.05658 0.00007 0.15445 
CAN3Aa_02 (mid-end) 5 CG - Plg 0.70645 0.00013 21 1.3 0.05664 0.00005 0.06672 
CAN3Aa_04 5 CG - Plg 0.70515 0.00012 19 1.7 0.05663 0.00004 0.01063 
CAN3Aa_06 (1st half) 5 CG - Plg 0.70936 0.00016 18 0.9 0.05657 0.00009 0.01464 
CAN3Aa_06 (2nd half) 5 CG - Plg 0.70760 0.00015 14 1.1 0.05662 0.00009 0.03646 
CAN3Aa_06 (all) 5 CG - Plg 0.70859 0.00034 40 12.3 0.05660 0.00006 0.01708 
CAN3Aa_07 5 CG - Plg 0.70489 0.00009 49 1.6 0.05668 0.00004 0.01539 
CAN3Aa_08 5 CG - Plg 0.70617 0.00015 31 2.4 0.05689 0.00005 0.00791 
CAN3Aa_09 (1st) 5 CG - Plg 0.70532 0.00015 29 1.7 0.05672 0.00006 0.02992 
CAN3Aa_09 (middle) 5 CG - Plg 0.70660 0.00013 37 2.8 0.05655 0.00004 0.14071 
CAN3Aa_09 5 CG - Plg 0.70831 0.00029 8 2.7 0.05653 0.00012 0.06897 
CAN3Aa_10 (middle) 5 CG - Plg 0.70558 0.00020 18 1.8 0.05658 0.00008 0.00771 
CAN3Aa_10 (end) 5 CG - Plg 0.70859 0.00026 11 2.5 0.05668 0.00010 0.09719 
CAN4Aa_01 5 SPS - Plg 0.70121 0.00469 7 502.5 0.05646 0.00009 1.38507 
CAN4Aa_03 5 SPS - Plg 0.70523 0.00011 33 1.4 0.05654 0.00004 0.00625 
CAN4Aa_04 5 SPS - Plg 0.70515 0.00004 81 0.9 0.05656 0.00002 0.01202 
CAN4Aa_05 5 SPS - Plg 0.70521 0.00007 55 1.3 0.05662 0.00003 0.01678 
CAN4Aa_06 5 SPS - Plg 0.70529 0.00007 47 1.2 0.05656 0.00002 0.04251 
CAN4Aa_07 5 SPS - Plg 0.70506 0.00012 38 1.9 0.05664 0.00003 0.00635 
CAN4Aa_08 5 SPS - Plg 0.70523 0.00006 88 1.7 0.05662 0.00003 0.01977 
CAN4Aa_09 5 SPS - Plg 0.70525 0.00015 46 2.8 0.05662 0.00008 0.03187 
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Table D-3: LA-ICPMS Sm-Nd isotope results of scheelite analyses from Canaan Downs and Batemans Creek along with results of Standard Reference Materials. S = session, Min = mineral, Txt = texture, D = 
disseminated, V – vein, Sch = scheelite, Tnt = titanite, Apt = apatite, Gls = synthetic glass. 143Nd/144Ndi, εNd and εNdi calculated using the reported age along with λ(Sm) = 6.54 x10
-12 (White, 2015) and CHUR 147Sm/144Nd 
= 0.196 and 143Nd/144Nd = 0.51263 (Bouvier et al., 2008) 



















                  
Canaan Downs                  
CAN2Ag  1 1 Sch 1 351 0.1953 0.0006 0.51256 0.00005 0.51211 -1.4 -1.4 0.34838 0.00004 0.24104 0.00006 0.23692 0.00006 
 3 1 Sch 1 351 0.1332 0.0008 0.51239 0.00007 0.51209 -4.6 -1.8 0.34839 0.00004 0.24151 0.00005 0.23655 0.00007 
 4 1 Sch 1 351 0.1741 0.0018 0.51249 0.00007 0.51209 -2.8 -1.8 0.34833 0.00003 0.24154 0.00006 0.23652 0.00008 
 5 1 Sch 1 351 0.1967 0.0007 0.51256 0.00008 0.51210 -1.4 -1.5 0.34832 0.00004 0.24139 0.00005 0.23656 0.00010 
 6 1 Sch 1 351 0.1865 0.0014 0.51262 0.00009 0.51219 -0.2 0.2 0.34834 0.00004 0.24128 0.00008 0.23663 0.00010 
 7 1 Sch 1 351 0.2141 0.0003 0.51266 0.00011 0.51217 0.6 -0.2 0.34839 0.00008 0.24126 0.00009 0.23686 0.00010 
 8 1 Sch 1 351 0.2203 0.0007 0.51267 0.00010 0.51216 0.8 -0.3 0.34833 0.00005 0.24128 0.00007 0.23681 0.00011 
 9 1 Sch 1 351 0.1329 0.0002 0.51248 0.00008 0.51218 -2.9 -0.1 0.34836 0.00004 0.24147 0.00005 0.23644 0.00006 
 10 1 Sch 1 351 0.1221 0.0003 0.51250 0.00007 0.51222 -2.5 0.8 0.34838 0.00003 0.24154 0.00005 0.23644 0.00006 
 11 1 Sch 1 351 0.1364 0.0006 0.51245 0.00009 0.51214 -3.4 -0.8 0.34841 0.00007 0.24150 0.00007 0.23648 0.00008 
CAN2Aa  1 2 Sch 1 351 0.2375 0.0014 0.51258 0.00003 0.51204 -0.9 -2.8 0.34844 0.00004 0.24144 0.00004 0.23661 0.00004 
 2 2 Sch 1 351 0.1672 0.0003 0.51249 0.00003 0.51210 -2.8 -1.5 0.34841 0.00002 0.24132 0.00004 0.23664 0.00004 
 4 2 Sch 1 351 0.2843 0.0024 0.51269 0.00006 0.51203 1.1 -2.9 0.34846 0.00003 0.24119 0.00005 0.23701 0.00010 
 5 2 Sch 1 351 0.2182 0.0028 0.51260 0.00004 0.51210 -0.6 -1.6 0.34845 0.00003 0.24142 0.00003 0.23661 0.00005 
 6 2 Sch 1 351 0.1362 0.0008 0.51249 0.00004 0.51218 -2.7 0.0 0.34843 0.00003 0.24124 0.00005 0.23659 0.00004 
 8 2 Sch 1 351 0.2293 0.0051 0.51258 0.00004 0.51206 -0.9 -2.4 0.34846 0.00003 0.24114 0.00004 0.23694 0.00007 
 9 2 Sch 1 351 0.2371 0.0033 0.51255 0.00005 0.51201 -1.5 -3.3 0.34843 0.00004 0.24146 0.00004 0.23663 0.00006 
 10 2 Sch 1 351 0.2132 0.0023 0.51253 0.00005 0.51204 -2.0 -2.7 0.34841 0.00003 0.24135 0.00005 0.23677 0.00006 
 11 2 Sch 1 351 0.2427 0.0018 0.51256 0.00006 0.51200 -1.4 -3.5 0.34847 0.00004 0.24115 0.00008 0.23707 0.00009 
 12 2 Sch 1 351 0.2506 0.0020 0.51258 0.00006 0.51201 -0.9 -3.4 0.34851 0.00004 0.24124 0.00005 0.23687 0.00008 
CAN2Ab  1 2 Sch 1 351 0.2487 0.0003 0.51258 0.00004 0.51201 -1.0 -3.3 0.34846 0.00003 0.24138 0.00004 0.23672 0.00005 
 3 2 Sch 1 351 0.2458 0.0023 0.51264 0.00004 0.51208 0.2 -2.0 0.34845 0.00003 0.24112 0.00004 0.23702 0.00005 
 4 2 Sch 1 351 0.2500 0.0035 0.51262 0.00004 0.51205 -0.2 -2.6 0.34842 0.00002 0.24142 0.00004 0.23662 0.00005 
 5 2 Sch 1 351 0.2679 0.0013 0.51264 0.00004 0.51203 0.3 -3.0 0.34846 0.00003 0.24142 0.00003 0.23677 0.00006 
 7 2 Sch 1 351 0.2114 0.0037 0.51252 0.00004 0.51204 -2.1 -2.8 0.34845 0.00002 0.24154 0.00003 0.23649 0.00004 
 8 2 Sch 1 351 0.2432 0.0009 0.51258 0.00003 0.51202 -0.9 -3.0 0.34844 0.00002 0.24158 0.00003 0.23644 0.00004 
 9 2 Sch 1 351 0.2275 0.0020 0.51259 0.00004 0.51207 -0.8 -2.2 0.34842 0.00003 0.24158 0.00003 0.23645 0.00005 
 10 2 Sch 1 351 0.1840 0.0010 0.51244 0.00006 0.51202 -3.7 -3.2 0.34843 0.00003 0.24158 0.00004 0.23656 0.00005 
 11 2 Sch 1 351 0.1240 0.0006 0.51238 0.00005 0.51209 -5.0 -1.8 0.34840 0.00003 0.24156 0.00004 0.23649 0.00006 
 12 2 Sch 1 351 0.1291 0.0008 0.51250 0.00007 0.51221 -2.5 0.5 0.34844 0.00003 0.24157 0.00005 0.23639 0.00006 
CAN2Ad  1 2 Sch 1 351 0.1991 0.0002 0.51259 0.00003 0.51213 -0.7 -0.9 0.34847 0.00002 0.24131 0.00003 0.23670 0.00004 
 2 2 Sch 1 351 0.2519 0.0006 0.51263 0.00004 0.51205 0.0 -2.5 0.34847 0.00002 0.24127 0.00005 0.23691 0.00007 
 5 2 Sch 1 351 0.1842 0.0008 0.51252 0.00005 0.51210 -2.1 -1.6 0.34846 0.00003 0.24142 0.00004 0.23663 0.00005 
 6 2 Sch 1 351 0.2011 0.0007 0.51254 0.00005 0.51208 -1.8 -2.0 0.34842 0.00002 0.24134 0.00005 0.23673 0.00006 
 8 2 Sch 1 351 0.2452 0.0012 0.51272 0.00005 0.51215 1.7 -0.5 0.34846 0.00003 0.24105 0.00005 0.23710 0.00007 
 9 2 Sch 1 351 0.2527 0.0011 0.51261 0.00004 0.51203 -0.4 -3.0 0.34846 0.00004 0.24147 0.00005 0.23669 0.00005 
 10 2 Sch 1 351 0.2143 0.0009 0.51264 0.00002 0.51215 0.2 -0.7 0.34844 0.00002 0.24139 0.00003 0.23664 0.00004 
 11 2 Sch 1 351 0.1994 0.0008 0.51258 0.00003 0.51212 -1.0 -1.2 0.34842 0.00003 0.24154 0.00003 0.23654 0.00004 
 12 2 Sch 1 351 0.2293 0.0013 0.51258 0.00003 0.51206 -0.9 -2.4 0.34843 0.00003 0.24157 0.00004 0.23652 0.00005 
OU13940  1 1 Sch 3 351 0.0998 0.0004 0.51231 0.00005 0.51208 -6.2 -1.9 0.34840 0.00003 0.24156 0.00005 0.23645 0.00007 
 2 1 Sch 3 351 0.1008 0.0003 0.51228 0.00006 0.51205 -6.8 -2.5 0.34833 0.00003 0.24163 0.00005 0.23650 0.00006 
 3 1 Sch 3 351 0.0980 0.0004 0.51226 0.00006 0.51204 -7.2 -2.8 0.34844 0.00003 0.24159 0.00004 0.23651 0.00006 
 4 1 Sch 3 351 0.1024 0.0005 0.51228 0.00007 0.51205 -6.7 -2.6 0.34847 0.00004 0.24158 0.00005 0.23646 0.00007 
 5 1 Sch 3 351 0.1004 0.0004 0.51227 0.00006 0.51204 -7.1 -2.8 0.34842 0.00003 0.24160 0.00004 0.23645 0.00005 
 6 1 Sch 3 351 0.1002 0.0003 0.51227 0.00006 0.51203 -7.1 -2.8 0.34840 0.00004 0.24159 0.00004 0.23652 0.00006 
 7 1 Sch 3 351 0.1004 0.0006 0.51231 0.00007 0.51208 -6.3 -2.0 0.34841 0.00004 0.24156 0.00005 0.23646 0.00006 
 8 1 Sch 3 351 0.0974 0.0003 0.51229 0.00006 0.51207 -6.6 -2.1 0.34847 0.00003 0.24157 0.00004 0.23649 0.00006 
 9 1 Sch 3 351 0.1006 0.0005 0.51231 0.00006 0.51208 -6.3 -2.0 0.34841 0.00003 0.24160 0.00004 0.23650 0.00006 
 10 1 Sch 3 351 0.1007 0.0004 0.51229 0.00006 0.51205 -6.7 -2.5 0.34842 0.00005 0.24154 0.00005 0.23647 0.00008 
 11 1 Sch 3 351 0.0977 0.0005 0.51230 0.00005 0.51207 -6.5 -2.1 0.34841 0.00003 0.24155 0.00005 0.23640 0.00006 
 12 1 Sch 3 351 0.0985 0.0004 0.51225 0.00005 0.51203 -7.3 -3.0 0.34843 0.00003 0.24159 0.00004 0.23649 0.00007 
 13 1 Sch 3 351 0.0994 0.0002 0.51232 0.00006 0.51209 -6.0 -1.7 0.34851 0.00003 0.24156 0.00005 0.23644 0.00006 
 14 1 Sch 3 351 0.1032 0.0006 0.51235 0.00006 0.51211 -5.5 -1.4 0.34856 0.00004 0.24159 0.00005 0.23647 0.00007 
 15 1 Sch 3 351 0.0993 0.0006 0.51228 0.00006 0.51205 -6.9 -2.6 0.34857 0.00004 0.24160 0.00005 0.23649 0.00005 
 1 2 Sch 3 351 0.1025 0.0003 0.51228 0.00006 0.51204 -6.9 -2.7 0.34843 0.00004 0.24160 0.00005 0.23653 0.00005 
 2 2 Sch 3 351 0.1003 0.0004 0.51229 0.00007 0.51206 -6.7 -2.4 0.34844 0.00004 0.24155 0.00005 0.23649 0.00006 
 3 2 Sch 3 351 0.1037 0.0005 0.51226 0.00007 0.51202 -7.3 -3.1 0.34845 0.00004 0.24162 0.00005 0.23657 0.00007 
 4 2 Sch 3 351 0.1030 0.0002 0.51231 0.00006 0.51207 -6.3 -2.2 0.34841 0.00004 0.24150 0.00006 0.23656 0.00007 
 5 2 Sch 3 351 0.0996 0.0003 0.51226 0.00006 0.51203 -7.3 -3.0 0.34842 0.00004 0.24155 0.00005 0.23652 0.00006 
 6 2 Sch 3 351 0.1031 0.0005 0.51235 0.00006 0.51211 -5.5 -1.3 0.34843 0.00004 0.24153 0.00004 0.23641 0.00007 
 7 2 Sch 3 351 0.1046 0.0003 0.51231 0.00007 0.51207 -6.3 -2.2 0.34841 0.00004 0.24158 0.00004 0.23645 0.00005 
 8 2 Sch 3 351 0.1045 0.0004 0.51226 0.00008 0.51202 -7.2 -3.1 0.34843 0.00004 0.24154 0.00005 0.23641 0.00007 
210 



















 9 2 Sch 3 351 0.1038 0.0004 0.51234 0.00005 0.51210 -5.7 -1.6 0.34844 0.00004 0.24157 0.00004 0.23643 0.00005 
 10 2 Sch 3 351 0.1048 0.0003 0.51224 0.00007 0.51200 -7.6 -3.5 0.34845 0.00003 0.24162 0.00005 0.23650 0.00006 
 11 2 Sch 3 351 0.1051 0.0004 0.51230 0.00005 0.51206 -6.4 -2.4 0.34843 0.00003 0.24155 0.00005 0.23648 0.00006 
 12 2 Sch 3 351 0.1013 0.0004 0.51228 0.00005 0.51205 -6.9 -2.6 0.34839 0.00004 0.24158 0.00004 0.23648 0.00005 
 13 2 Sch 3 351 0.1037 0.0005 0.51242 0.00006 0.51218 -4.1 0.0 0.34847 0.00004 0.24152 0.00005 0.23645 0.00006 
 14 2 Sch 3 351 0.1007 0.0006 0.51227 0.00005 0.51204 -7.1 -2.8 0.34842 0.00003 0.24156 0.00004 0.23654 0.00005 
 15 2 Sch 3 351 0.1039 0.0005 0.51229 0.00005 0.51205 -6.6 -2.5 0.34844 0.00004 0.24155 0.00004 0.23654 0.00005 
 1 3 Sch 3 351 0.1058 0.0015 0.51223 0.00006 0.51198 -7.9 -3.8 0.34844 0.00006 0.24132 0.00006 0.23656 0.00008 
 2 3 Sch 3 351 0.1072 0.0005 0.51225 0.00007 0.51201 -7.4 -3.4 0.34848 0.00003 0.24128 0.00006 0.23656 0.00006 
 4 3 Sch 3 351 0.1007 0.0005 0.51221 0.00006 0.51198 -8.2 -4.0 0.34847 0.00005 0.24107 0.00007 0.23659 0.00009 
 5 3 Sch 3 351 0.1051 0.0012 0.51233 0.00007 0.51208 -5.9 -1.9 0.34840 0.00005 0.24127 0.00007 0.23650 0.00007 
 6 3 Sch 3 351 0.1035 0.0004 0.51226 0.00007 0.51202 -7.2 -3.1 0.34844 0.00004 0.24139 0.00004 0.23653 0.00006 
 7 3 Sch 3 351 0.1002 0.0004 0.51219 0.00008 0.51196 -8.5 -4.2 0.34845 0.00005 0.24132 0.00008 0.23659 0.00009 
 9 3 Sch 3 351 0.1066 0.0015 0.51222 0.00007 0.51197 -8.1 -4.1 0.34848 0.00006 0.24129 0.00007 0.23653 0.00013 
 10 3 Sch 3 351 0.1066 0.0004 0.51229 0.00006 0.51205 -6.6 -2.6 0.34844 0.00005 0.24145 0.00006 0.23644 0.00006 
 11 3 Sch 3 351 0.1053 0.0003 0.51225 0.00007 0.51201 -7.4 -3.3 0.34849 0.00003 0.24137 0.00005 0.23649 0.00006 
 12 3 Sch 3 351 0.1058 0.0002 0.51222 0.00007 0.51197 -8.1 -4.0 0.34846 0.00004 0.24115 0.00005 0.23656 0.00006 
 13 3 Sch 3 351 0.1052 0.0003 0.51217 0.00007 0.51192 -9.1 -5.0 0.34841 0.00004 0.24111 0.00005 0.23664 0.00007 
 14 3 Sch 3 351 0.1061 0.0003 0.51225 0.00007 0.51201 -7.4 -3.4 0.34840 0.00005 0.24130 0.00006 0.23649 0.00009 
 15 3 Sch 3 351 0.0940 0.0034 0.51222 0.00007 0.51200 -8.1 -3.5 0.34846 0.00008 0.24147 0.00007 0.23646 0.00008 
OU15014  1 1 Sch 3 351 0.1692 0.0002 0.51253 0.00003 0.51214 -2.0 -0.8 0.34832 0.00002 0.24157 0.00002 0.23646 0.00003 
 2 1 Sch 3 351 0.1902 0.0001 0.51256 0.00004 0.51212 -1.4 -1.2 0.34834 0.00002 0.24158 0.00002 0.23642 0.00003 
 3 1 Sch 3 351 0.2000 0.0003 0.51254 0.00003 0.51208 -1.8 -1.9 0.34843 0.00002 0.24159 0.00003 0.23648 0.00003 
 4 1 Sch 3 351 0.1766 0.0001 0.51254 0.00003 0.51213 -1.8 -0.9 0.34841 0.00002 0.24157 0.00003 0.23644 0.00004 
 5 1 Sch 3 351 0.1597 0.0002 0.51254 0.00003 0.51217 -1.8 -0.1 0.34841 0.00002 0.24156 0.00003 0.23648 0.00003 
 6 1 Sch 3 351 0.1933 0.0005 0.51258 0.00003 0.51213 -1.0 -0.9 0.34839 0.00002 0.24157 0.00003 0.23644 0.00004 
 7 1 Sch 3 351 0.1726 0.0008 0.51260 0.00004 0.51221 -0.5 0.5 0.34843 0.00002 0.24156 0.00003 0.23644 0.00004 
 8 1 Sch 3 351 0.1750 0.0001 0.51256 0.00003 0.51216 -1.4 -0.5 0.34843 0.00002 0.24160 0.00003 0.23645 0.00003 
 9 1 Sch 3 351 0.1931 0.0001 0.51254 0.00003 0.51209 -1.9 -1.7 0.34842 0.00002 0.24159 0.00003 0.23649 0.00003 
 10 1 Sch 3 351 0.1905 0.0002 0.51253 0.00003 0.51209 -2.0 -1.8 0.34841 0.00002 0.24157 0.00003 0.23650 0.00003 
 11 1 Sch 3 351 0.1820 0.0003 0.51258 0.00003 0.51216 -1.1 -0.4 0.34841 0.00002 0.24159 0.00003 0.23644 0.00003 
 12 1 Sch 3 351 0.1705 0.0002 0.51254 0.00003 0.51215 -1.7 -0.5 0.34842 0.00002 0.24157 0.00003 0.23644 0.00003 
 13 1 Sch 3 351 0.1846 0.0001 0.51260 0.00003 0.51217 -0.7 -0.2 0.34863 0.00002 0.24158 0.00003 0.23647 0.00003 
 14 1 Sch 3 351 0.1782 0.0005 0.51252 0.00003 0.51211 -2.1 -1.3 0.34868 0.00002 0.24159 0.00003 0.23646 0.00003 
 15 1 Sch 3 351 0.1872 0.0002 0.51253 0.00003 0.51209 -2.0 -1.7 0.34881 0.00002 0.24160 0.00002 0.23646 0.00003 
 1 2 Sch 3 351 0.1923 0.0003 0.51255 0.00003 0.51211 -1.5 -1.4 0.34842 0.00002 0.24150 0.00003 0.23656 0.00003 
 2 2 Sch 3 351 0.1869 0.0002 0.51256 0.00003 0.51213 -1.4 -1.0 0.34841 0.00002 0.24154 0.00002 0.23654 0.00003 
 3 2 Sch 3 351 0.2028 0.0010 0.51255 0.00003 0.51208 -1.6 -1.9 0.34842 0.00002 0.24159 0.00003 0.23651 0.00005 
 4 2 Sch 3 351 0.2182 0.0008 0.51257 0.00003 0.51207 -1.2 -2.2 0.34843 0.00002 0.24157 0.00003 0.23652 0.00004 
 5 2 Sch 3 351 0.1700 0.0003 0.51252 0.00004 0.51213 -2.2 -1.0 0.34841 0.00002 0.24153 0.00002 0.23657 0.00003 
 6 2 Sch 3 351 0.2120 0.0004 0.51262 0.00004 0.51213 -0.3 -1.0 0.34843 0.00001 0.24155 0.00003 0.23649 0.00004 
 7 2 Sch 3 351 0.2154 0.0002 0.51259 0.00004 0.51210 -0.7 -1.6 0.34841 0.00002 0.24159 0.00002 0.23646 0.00004 
 8 2 Sch 3 351 0.1742 0.0001 0.51253 0.00003 0.51213 -1.9 -0.9 0.34842 0.00002 0.24158 0.00002 0.23646 0.00003 
 9 2 Sch 3 351 0.1887 0.0001 0.51256 0.00003 0.51213 -1.4 -1.0 0.34842 0.00002 0.24152 0.00002 0.23649 0.00003 
 10 2 Sch 3 351 0.2155 0.0002 0.51259 0.00004 0.51210 -0.7 -1.6 0.34843 0.00002 0.24156 0.00002 0.23648 0.00003 
 11 2 Sch 3 351 0.1717 0.0008 0.51255 0.00003 0.51215 -1.6 -0.6 0.34841 0.00002 0.24157 0.00003 0.23644 0.00003 
 12 2 Sch 3 351 0.2014 0.0004 0.51256 0.00003 0.51210 -1.4 -1.6 0.34842 0.00002 0.24154 0.00003 0.23648 0.00005 
 13 2 Sch 3 351 0.1869 0.0002 0.51254 0.00003 0.51211 -1.8 -1.4 0.34843 0.00002 0.24154 0.00002 0.23658 0.00003 
 14 2 Sch 3 351 0.1556 0.0001 0.51251 0.00003 0.51216 -2.3 -0.5 0.34841 0.00001 0.24151 0.00002 0.23656 0.00003 
 15 2 Sch 3 351 0.1777 0.0001 0.51253 0.00002 0.51212 -2.0 -1.2 0.34841 0.00001 0.24157 0.00003 0.23653 0.00003 
 1 3 Sch 3 351 0.1576 0.0000 0.51242 0.00003 0.51206 -4.1 -2.3 0.34844 0.00001 0.24127 0.00002 0.23666 0.00003 
 2 3 Sch 3 351 0.1635 0.0001 0.51242 0.00003 0.51204 -4.1 -2.7 0.34844 0.00002 0.24116 0.00005 0.23672 0.00004 
 5 3 Sch 3 351 0.2131 0.0001 0.51253 0.00003 0.51204 -2.0 -2.8 0.34842 0.00003 0.24129 0.00003 0.23677 0.00004 
 6 3 Sch 3 351 0.2031 0.0020 0.51247 0.00004 0.51200 -3.2 -3.5 0.34845 0.00003 0.24120 0.00004 0.23679 0.00006 
 7 3 Sch 3 351 0.1972 0.0001 0.51256 0.00004 0.51211 -1.4 -1.4 0.34841 0.00003 0.24141 0.00004 0.23661 0.00004 
 8 3 Sch 3 351 0.1650 0.0001 0.51243 0.00003 0.51205 -3.9 -2.6 0.34842 0.00002 0.24121 0.00005 0.23669 0.00003 
 10 3 Sch 3 351 0.1476 0.0000 0.51243 0.00003 0.51209 -4.0 -1.8 0.34841 0.00002 0.24123 0.00003 0.23665 0.00003 
 11 3 Sch 3 351 0.2078 0.0001 0.51240 0.00004 0.51193 -4.4 -4.9 0.34843 0.00003 0.24111 0.00006 0.23689 0.00005 
 12 3 Sch 3 351 0.1611 0.0000 0.51240 0.00003 0.51202 -4.6 -3.0 0.34843 0.00002 0.24125 0.00004 0.23671 0.00004 
 13 3 Sch 3 351 0.1590 0.0001 0.51247 0.00004 0.51210 -3.2 -1.6 0.34843 0.00003 0.24128 0.00002 0.23665 0.00007 
 14 3 Sch 3 351 0.1900 0.0002 0.51247 0.00004 0.51203 -3.2 -2.9 0.34843 0.00003 0.24113 0.00006 0.23670 0.00006 
 15 3 Sch 3 351 0.1726 0.0001 0.51241 0.00004 0.51201 -4.4 -3.3 0.34844 0.00002 0.24112 0.00004 0.23679 0.00003                                       
Batemans Creek                  
BAT20Aa  1 3 Sch D 368 0.3345 0.0003 0.51267 0.00008 0.51186 0.8 -5.7 0.34845 0.00006 0.24115 0.00009 0.23686 0.00011 
 3 3 Sch D 368 0.2277 0.0002 0.51234 0.00006 0.51179 -5.7 -7.2 0.34843 0.00003 0.24124 0.00007 0.23682 0.00009 
 4 3 Sch D 368 0.3491 0.0008 0.51271 0.00009 0.51187 1.6 -5.6 0.34844 0.00005 0.24138 0.00008 0.23685 0.00009 
BAT20Ah  1 3 Sch D 368 0.3085 0.0007 0.51270 0.00009 0.51196 1.4 -3.9 0.34848 0.00005 0.24137 0.00009 0.23664 0.00010 
BAT24Aa  1 3 Sch V 368 0.1104 0.0007 0.51175 0.00008 0.51149 -17.1 -13.1 0.34846 0.00006 0.24106 0.00007 0.23669 0.00008 
 2 3 Sch V 368 0.1078 0.0021 0.51205 0.00015 0.51179 -11.3 -7.2 0.34846 0.00008 0.24131 0.00010 0.23642 0.00012 
 3 3 Sch V 368 0.0970 0.0013 0.51195 0.00006 0.51172 -13.3 -8.6 0.34842 0.00006 0.24137 0.00008 0.23650 0.00008 
211 
 



















 4 3 Sch V 368 0.1291 0.0009 0.51184 0.00004 0.51153 -15.4 -12.3 0.34843 0.00002 0.24104 0.00006 0.23675 0.00004 
 6 3 Sch V 368 0.1202 0.0009 0.51192 0.00004 0.51163 -13.8 -10.2 0.34844 0.00002 0.24135 0.00003 0.23659 0.00005 
 7 3 Sch V 368 0.1201 0.0010 0.51186 0.00013 0.51157 -15.0 -11.5 0.34845 0.00008 0.24133 0.00013 0.23657 0.00013 
BAT24Ab  1 3 Sch D 368 0.1961 0.0008 0.51209 0.00007 0.51162 -10.5 -10.5 0.34846 0.00005 0.24115 0.00009 0.23675 0.00008 
 2 3 Sch D 368 0.2479 0.0005 0.51211 0.00011 0.51151 -10.1 -12.6 0.34849 0.00006 0.24135 0.00008 0.23684 0.00010 
 3 3 Sch D 368 0.2062 0.0006 0.51210 0.00010 0.51160 -10.3 -10.8 0.34847 0.00004 0.24159 0.00009 0.23660 0.00010 
 4 3 Sch D 368 0.2393 0.0005 0.51207 0.00006 0.51149 -11.0 -13.0 0.34843 0.00005 0.24145 0.00007 0.23663 0.00009 
 5 3 Sch D 368 0.2333 0.0037 0.51212 0.00010 0.51156 -9.9 -11.7 0.34849 0.00006 0.24147 0.00009 0.23672 0.00009 
 6 3 Sch V 368 0.1406 0.0002 0.51199 0.00010 0.51165 -12.5 -9.9 0.34846 0.00008 0.24107 0.00010 0.23652 0.00011 
 7 3 Sch V 368 0.1085 0.0010 0.51193 0.00012 0.51167 -13.7 -9.6 0.34851 0.00008 0.24132 0.00010 0.23649 0.00014 
 8 3 Sch V 368 0.1338 0.0006 0.51195 0.00007 0.51163 -13.2 -10.3 0.34845 0.00005 0.24140 0.00005 0.23661 0.00008 
 9 3 Sch V 368 0.1434 0.0006 0.51194 0.00011 0.51159 -13.5 -11.0 0.34844 0.00006 0.24110 0.00009 0.23673 0.00011 
                   
S.R.M.                   
TH-tnt-1 2 1 Tnt - - 0.1314 0.0000 0.51232 0.00002 - -6.0 - 0.34841 0.00001 0.24158 0.00002 0.23645 0.00003 
 3 1 Tnt - - 0.1312 0.0000 0.51231 0.00003 - -6.2 - 0.34841 0.00001 0.24160 0.00002 0.23646 0.00003 
 4 1 Tnt - - 0.1316 0.0000 0.51229 0.00002 - -6.7 - 0.34840 0.00001 0.24158 0.00002 0.23646 0.00002 
 5 1 Tnt - - 0.1314 0.0001 0.51231 0.00002 - -6.2 - 0.34841 0.00002 0.24160 0.00002 0.23646 0.00002 
 7 1 Tnt - - 0.1313 0.0000 0.51233 0.00002 - -5.9 - 0.34841 0.00001 0.24158 0.00002 0.23644 0.00003 
 8 1 Tnt - - 0.1315 0.0001 0.51230 0.00003 - -6.4 - 0.34840 0.00001 0.24159 0.00002 0.23646 0.00003 
 9 1 Tnt - - 0.1315 0.0000 0.51230 0.00002 - -6.5 - 0.34840 0.00001 0.24158 0.00002 0.23646 0.00003 
 10 1 Tnt - - 0.1314 0.0000 0.51229 0.00003 - -6.6 - 0.34841 0.00002 0.24159 0.00002 0.23645 0.00002 
 11 1 Tnt - - 0.1311 0.0000 0.51229 0.00003 - -6.7 - 0.34841 0.00001 0.24160 0.00002 0.23648 0.00003 
 12 1 Tnt - - 0.1317 0.0000 0.51233 0.00003 - -5.8 - 0.34840 0.00002 0.24159 0.00002 0.23646 0.00002 
 13 1 Tnt - - 0.1313 0.0001 0.51233 0.00002 - -5.8 - 0.34841 0.00002 0.24158 0.00002 0.23645 0.00002 
 14 1 Tnt - - 0.1314 0.0000 0.51230 0.00002 - -6.5 - 0.34840 0.00002 0.24159 0.00002 0.23646 0.00002 
 15 1 Tnt - - 0.1314 0.0000 0.51231 0.00002 - -6.2 - 0.34841 0.00002 0.24157 0.00002 0.23646 0.00002 
 1 2 Tnt - - 0.1317 0.0001 0.51233 0.00003 - -5.8 - 0.34842 0.00001 0.24159 0.00002 0.23646 0.00003 
 2 2 Tnt - - 0.1311 0.0001 0.51229 0.00002 - -6.6 - 0.34840 0.00001 0.24158 0.00002 0.23647 0.00003 
 3 2 Tnt - - 0.1311 0.0000 0.51231 0.00002 - -6.2 - 0.34840 0.00001 0.24158 0.00001 0.23645 0.00002 
 4 2 Tnt - - 0.1316 0.0001 0.51232 0.00002 - -6.1 - 0.34840 0.00002 0.24160 0.00002 0.23646 0.00002 
 5 2 Tnt - - 0.1317 0.0001 0.51231 0.00002 - -6.2 - 0.34842 0.00001 0.24157 0.00002 0.23645 0.00003 
 8 2 Tnt - - 0.1316 0.0000 0.51231 0.00002 - -6.2 - 0.34840 0.00001 0.24160 0.00002 0.23646 0.00002 
 9 2 Tnt - - 0.1308 0.0001 0.51229 0.00003 - -6.6 - 0.34841 0.00001 0.24158 0.00002 0.23646 0.00002 
 10 2 Tnt - - 0.1316 0.0001 0.51232 0.00003 - -6.0 - 0.34841 0.00002 0.24159 0.00002 0.23646 0.00002 
 12 2 Tnt - - 0.1314 0.0001 0.51229 0.00002 - -6.6 - 0.34841 0.00001 0.24159 0.00002 0.23646 0.00002 
 15 2 Tnt - - 0.1314 0.0000 0.51233 0.00003 - -5.8 - 0.34841 0.00002 0.24158 0.00002 0.23646 0.00003 
 1 3 Tnt - - 0.1317 0.0000 0.51231 0.00002 - -6.3 - 0.34840 0.00001 0.24155 0.00002 0.23650 0.00002 
 3 3 Tnt - - 0.1310 0.0001 0.51230 0.00002 - -6.5 - 0.34839 0.00001 0.24165 0.00002 0.23643 0.00002 
 4 3 Tnt - - 0.1312 0.0000 0.51231 0.00002 - -6.2 - 0.34840 0.00001 0.24159 0.00002 0.23645 0.00003 
 5 3 Tnt - - 0.1317 0.0001 0.51232 0.00002 - -6.0 - 0.34840 0.00001 0.24148 0.00001 0.23651 0.00002 
 6 3 Tnt - - 0.1316 0.0001 0.51230 0.00002 - -6.4 - 0.34841 0.00001 0.24162 0.00002 0.23643 0.00002 
 7 3 Tnt - - 0.1317 0.0001 0.51231 0.00002 - -6.3 - 0.34841 0.00001 0.24157 0.00002 0.23647 0.00003 
 8 3 Tnt - - 0.1315 0.0000 0.51232 0.00002 - -6.0 - 0.34841 0.00001 0.24153 0.00002 0.23650 0.00002 
 9 3 Tnt - - 0.1314 0.0001 0.51230 0.00002 - -6.4 - 0.34841 0.00002 0.24162 0.00002 0.23644 0.00002 
 10 3 Tnt - - 0.1311 0.0000 0.51230 0.00002 - -6.4 - 0.34841 0.00001 0.24164 0.00001 0.23642 0.00002 
 11 3 Tnt - - 0.1312 0.0001 0.51230 0.00002 - -6.4 - 0.34840 0.00001 0.24158 0.00001 0.23650 0.00002 
 12 3 Tnt - - 0.1311 0.0000 0.51232 0.00002 - -6.1 - 0.34841 0.00001 0.24162 0.00002 0.23643 0.00002 
 13 3 Tnt - - 0.1318 0.0001 0.51232 0.00002 - -6.0 - 0.34841 0.00001 0.24155 0.00002 0.23648 0.00003 
 14 3 Tnt - - 0.1314 0.0000 0.51232 0.00002 - -6.1 - 0.34840 0.00001 0.24160 0.00002 0.23644 0.00002 
 15 3 Tnt - - 0.1314 0.0000 0.51231 0.00002 - -6.3 - 0.34840 0.00001 0.24162 0.00002 0.23641 0.00002 
TH-ap-1 1 1 Apt - - 0.0911 0.0001 0.51206 0.00003 - -11.2 - 0.34840 0.00001 0.24159 0.00002 0.23645 0.00003 
 2 1 Apt - - 0.0910 0.0001 0.51210 0.00003 - -10.3 - 0.34839 0.00002 0.24155 0.00002 0.23641 0.00003 
 3 1 Apt - - 0.0913 0.0001 0.51204 0.00002 - -11.5 - 0.34842 0.00001 0.24159 0.00002 0.23645 0.00003 
 4 1 Apt - - 0.0913 0.0001 0.51218 0.00004 - -8.8 - 0.34844 0.00002 0.24154 0.00002 0.23635 0.00003 
 5 1 Apt - - 0.0914 0.0001 0.51218 0.00003 - -8.8 - 0.34844 0.00002 0.24157 0.00002 0.23637 0.00002 
 6 1 Apt - - 0.0911 0.0001 0.51203 0.00003 - -11.8 - 0.34840 0.00002 0.24159 0.00003 0.23647 0.00004 
 7 1 Apt - - 0.0912 0.0001 0.51203 0.00002 - -11.6 - 0.34839 0.00001 0.24159 0.00002 0.23646 0.00002 
 8 1 Apt - - 0.0912 0.0001 0.51211 0.00003 - -10.2 - 0.34841 0.00001 0.24157 0.00002 0.23642 0.00003 
 9 1 Apt - - 0.0911 0.0001 0.51202 0.00002 - -11.8 - 0.34840 0.00002 0.24159 0.00002 0.23648 0.00002 
 10 1 Apt - - 0.0912 0.0001 0.51207 0.00003 - -11.0 - 0.34841 0.00002 0.24160 0.00003 0.23648 0.00003 
 11 1 Apt - - 0.0912 0.0001 0.51218 0.00003 - -8.9 - 0.34844 0.00002 0.24156 0.00002 0.23639 0.00003 
 12 1 Apt - - 0.0912 0.0001 0.51208 0.00003 - -10.8 - 0.34840 0.00001 0.24160 0.00002 0.23645 0.00003 
 13 1 Apt - - 0.0911 0.0001 0.51205 0.00003 - -11.3 - 0.34840 0.00001 0.24158 0.00002 0.23645 0.00003 
 14 1 Apt - - 0.0911 0.0001 0.51205 0.00003 - -11.4 - 0.34842 0.00001 0.24159 0.00002 0.23646 0.00003 
 15 1 Apt - - 0.0915 0.0000 0.51203 0.00003 - -11.6 - 0.34844 0.00002 0.24161 0.00003 0.23652 0.00004 
 1 2 Apt - - 0.0904 0.0000 0.51203 0.00002 - -11.7 - 0.34840 0.00001 0.24160 0.00001 0.23648 0.00002 
 2 2 Apt - - 0.0903 0.0001 0.51201 0.00002 - -12.2 - 0.34839 0.00001 0.24161 0.00002 0.23651 0.00003 
 3 2 Apt - - 0.0903 0.0001 0.51206 0.00002 - -11.2 - 0.34840 0.00001 0.24160 0.00001 0.23649 0.00002 
212 



















 4 2 Apt - - 0.0903 0.0001 0.51209 0.00002 - -10.6 - 0.34842 0.00001 0.24160 0.00002 0.23646 0.00002 
 5 2 Apt - - 0.0901 0.0001 0.51202 0.00002 - -12.0 - 0.34840 0.00001 0.24161 0.00002 0.23651 0.00003 
 6 2 Apt - - 0.0902 0.0001 0.51276 0.00004 - 2.6 - 0.34859 0.00001 0.24143 0.00002 0.23602 0.00003 
 7 2 Apt - - 0.0902 0.0001 0.51221 0.00003 - -8.2 - 0.34845 0.00002 0.24156 0.00002 0.23637 0.00003 
 8 2 Apt - - 0.0900 0.0001 0.51203 0.00003 - -11.7 - 0.34841 0.00002 0.24159 0.00002 0.23647 0.00003 
 9 2 Apt - - 0.0903 0.0001 0.51249 0.00010 - -2.7 - 0.34851 0.00003 0.24149 0.00003 0.23619 0.00007 
 10 2 Apt - - 0.0904 0.0001 0.51209 0.00003 - -10.6 - 0.34841 0.00002 0.24159 0.00002 0.23641 0.00003 
 11 2 Apt - - 0.0902 0.0001 0.51200 0.00003 - -12.2 - 0.34840 0.00001 0.24159 0.00002 0.23647 0.00003 
 12 2 Apt - - 0.0903 0.0001 0.51217 0.00004 - -9.0 - 0.34844 0.00002 0.24155 0.00002 0.23637 0.00003 
 13 2 Apt - - 0.0904 0.0001 0.51206 0.00003 - -11.1 - 0.34842 0.00002 0.24158 0.00002 0.23648 0.00003 
 14 2 Apt - - 0.0908 0.0001 0.51248 0.00007 - -2.9 - 0.34853 0.00002 0.24148 0.00002 0.23622 0.00005 
 15 2 Apt - - 0.0906 0.0001 0.51223 0.00005 - -7.8 - 0.34846 0.00002 0.24153 0.00002 0.23637 0.00004 
 1 3 Apt - - 0.0903 0.0001 0.51202 0.00003 - -12.0 - 0.34839 0.00001 0.24161 0.00002 0.23647 0.00003 
 2 3 Apt - - 0.0905 0.0001 0.51200 0.00003 - -12.2 - 0.34840 0.00001 0.24163 0.00002 0.23643 0.00002 
 3 3 Apt - - 0.0905 0.0002 0.51200 0.00002 - -12.2 - 0.34840 0.00002 0.24163 0.00002 0.23646 0.00003 
 4 3 Apt - - 0.0906 0.0001 0.51202 0.00002 - -11.9 - 0.34839 0.00001 0.24155 0.00001 0.23649 0.00002 
 5 3 Apt - - 0.0905 0.0001 0.51200 0.00002 - -12.2 - 0.34840 0.00001 0.24160 0.00002 0.23645 0.00002 
 6 3 Apt - - 0.0907 0.0001 0.51205 0.00003 - -11.4 - 0.34841 0.00001 0.24158 0.00002 0.23645 0.00003 
 7 3 Apt - - 0.0906 0.0001 0.51206 0.00002 - -11.2 - 0.34840 0.00001 0.24157 0.00002 0.23644 0.00002 
 8 3 Apt - - 0.0906 0.0001 0.51205 0.00002 - -11.4 - 0.34840 0.00002 0.24162 0.00002 0.23641 0.00003 
 9 3 Apt - - 0.0903 0.0001 0.51202 0.00002 - -11.9 - 0.34840 0.00001 0.24164 0.00002 0.23643 0.00003 
 10 3 Apt - - 0.0903 0.0001 0.51205 0.00003 - -11.3 - 0.34841 0.00002 0.24163 0.00002 0.23644 0.00003 
 11 3 Apt - - 0.0901 0.0001 0.51204 0.00003 - -11.5 - 0.34840 0.00001 0.24163 0.00002 0.23641 0.00002 
 12 3 Apt - - 0.0904 0.0001 0.51204 0.00002 - -11.5 - 0.34841 0.00001 0.24162 0.00002 0.23643 0.00002 
 13 3 Apt - - 0.0906 0.0001 0.51201 0.00002 - -12.1 - 0.34840 0.00001 0.24165 0.00002 0.23645 0.00002 
 14 3 Apt - - 0.0908 0.0001 0.51203 0.00002 - -11.6 - 0.34841 0.00001 0.24154 0.00002 0.23644 0.00002 
 15 3 Apt - - 0.0910 0.0001 0.51202 0.00002 - -11.9 - 0.34840 0.00001 0.24164 0.00002 0.23644 0.00003 
NIST612 1 1 Gls - - 0.6203 0.0009 0.51186 0.00019 - -15.0 - 0.34846 0.00016 0.24120 0.00022 0.23612 0.00030 
 2 1 Gls - - 0.6219 0.0008 0.51191 0.00022 - -14.0 - 0.34829 0.00017 0.24120 0.00020 0.23622 0.00027 
 3 1 Gls - - 0.6258 0.0008 0.51237 0.00026 - -5.1 - 0.34839 0.00017 0.24127 0.00021 0.23609 0.00027 
 4 1 Gls - - 0.6264 0.0007 0.51202 0.00024 - -11.9 - 0.34841 0.00017 0.24134 0.00029 0.23615 0.00033 
 5 1 Gls - - 0.6217 0.0006 0.51258 0.00030 - -1.0 - 0.34912 0.00017 0.24119 0.00026 0.23591 0.00031 
 6 1 Gls - - 0.6214 0.0007 0.51250 0.00025 - -2.5 - 0.34927 0.00015 0.24114 0.00025 0.23598 0.00027 
 1 2 Gls - - 0.6192 0.0011 0.51205 0.00022 - -11.3 - 0.34829 0.00015 0.24116 0.00017 0.23636 0.00026 
 2 2 Gls - - 0.6221 0.0010 0.51181 0.00029 - -16.0 - 0.34851 0.00015 0.24107 0.00034 0.23629 0.00029 
 3 2 Gls - - 0.6237 0.0010 0.51222 0.00020 - -8.0 - 0.34859 0.00015 0.24118 0.00018 0.23603 0.00023 
 4 2 Gls - - 0.6277 0.0006 0.51267 0.00022 - 0.8 - 0.34862 0.00010 0.24129 0.00016 0.23570 0.00022 
 5 2 Gls - - 0.6300 0.0007 0.51203 0.00021 - -11.7 - 0.34847 0.00013 0.24138 0.00020 0.23604 0.00027 
 6 2 Gls - - 0.6255 0.0009 0.51178 0.00016 - -16.6 - 0.34842 0.00014 0.24147 0.00017 0.23642 0.00024 
 7 2 Gls - - 0.6275 0.0009 0.51209 0.00022 - -10.5 - 0.34844 0.00013 0.24135 0.00024 0.23633 0.00030 
 1 3 Gls - - 0.6225 0.0008 0.51184 0.00014 - -15.4 - 0.34837 0.00010 0.24134 0.00017 0.23629 0.00017 
 2 3 Gls - - 0.6239 0.0009 0.51184 0.00017 - -15.4 - 0.34835 0.00011 0.24128 0.00017 0.23621 0.00020 
 3 3 Gls - - 0.6223 0.0012 0.51180 0.00014 - -16.2 - 0.34841 0.00011 0.24127 0.00016 0.23631 0.00015 
 4 3 Gls - - 0.6230 0.0014 0.51189 0.00013 - -14.4 - 0.34854 0.00009 0.24148 0.00015 0.23649 0.00021 
 5 3 Gls - - 0.6241 0.0015 0.51179 0.00015 - -16.4 - 0.34842 0.00011 0.24141 0.00018 0.23646 0.00019 
 6 3 Gls - - 0.6243 0.0009 0.51207 0.00017 - -10.9 - 0.34840 0.00010 0.24137 0.00018 0.23628 0.00011 
 7 3 Gls - - 0.6238 0.0010 0.51189 0.00016 - -14.4 - 0.34838 0.00011 0.24138 0.00017 0.23633 0.00016 
MAD2 1 1 Apt - - 0.0775 0.0001 0.51131 0.00002 - -25.8 - 0.34833 0.00001 0.24158 0.00001 0.23646 0.00002 
 3 1 Apt - - 0.0775 0.0001 0.51156 0.00006 - -20.8 - 0.34852 0.00002 0.24152 0.00002 0.23630 0.00004 
MKED 1 1 Tnt - - 0.1284 0.0000 0.51162 0.00003 - -19.6 - 0.34834 0.00002 0.24158 0.00002 0.23645 0.00003 
 2 1 Tnt - - 0.1282 0.0000 0.51166 0.00002 - -19.0 - 0.34833 0.00002 0.24157 0.00002 0.23643 0.00002 
 3 1 Tnt - - 0.1281 0.0000 0.51172 0.00006 - -17.8 - 0.34846 0.00002 0.24158 0.00002 0.23641 0.00004 
Rejected Analyses                   
CAN2Aa  3 2 Sch 1 351 0.1769 0.0018 0.51240 0.00004 0.51199 -4.5 -3.6 0.34846 0.00002 0.24093 0.00005 0.23697 0.00006 
 7 2 Sch 1 351 0.2418 0.0003 0.51265 0.00008 0.51209 0.3 -1.8 0.34849 0.00004 0.24088 0.00006 0.23734 0.00006 
CAN2Ab 2 2 Sch 1 351 0.1800 0.0005 0.51245 0.00004 0.51204 -3.5 -2.8 0.34846 0.00002 0.24089 0.00007 0.23700 0.00007 
 6 2 Sch 1 351 0.1882 0.0038 0.51259 0.00007 0.51216 -0.7 -0.4 0.34847 0.00003 0.24097 0.00006 0.23690 0.00009 
CAN2Ad  3 2 Sch 1 351 0.2144 0.0004 0.51258 0.00004 0.51209 -1.0 -1.8 0.34850 0.00002 0.24081 0.00008 0.23722 0.00008 
 4 2 Sch 1 351 0.2472 0.0005 0.51266 0.00003 0.51210 0.7 -1.6 0.34848 0.00002 0.24098 0.00004 0.23718 0.00004 
 7 2 Sch 1 351 0.1760 0.0140 0.51245 0.00006 0.51204 -3.6 -2.7 0.34851 0.00005 0.24079 0.00011 0.23715 0.00011 
CAN2Ag 2 1 Sch 1 351 0.1710 0.0035 0.51213 0.00028 0.51174 -9.8 -8.6 0.34838 0.00010 0.24143 0.00038 0.23712 0.00042 
OU13940  3 3 Sch 3 351 0.1050 0.0005 0.51219 0.00008 0.51194 -8.7 -4.6 0.34842 0.00004 0.24094 0.00007 0.23666 0.00007 
 8 3 Sch 3 351 0.1064 0.0002 0.51202 0.00006 0.51177 -11.9 -7.9 0.34847 0.00004 0.24082 0.00006 0.23675 0.00005 
OU15014 3 3 Sch 3 351 0.1571 0.0001 0.51216 0.00004 0.51180 -9.2 -7.5 0.34841 0.00002 0.24088 0.00005 0.23696 0.00004 
 4 3 Sch 3 351 0.2171 0.0000 0.51241 0.00003 0.51191 -4.4 -5.3 0.34843 0.00002 0.24093 0.00004 0.23699 0.00004 
 9 3 Sch 3 351 0.2087 0.0016 0.51239 0.00004 0.51191 -4.8 -5.3 0.34846 0.00002 0.24094 0.00004 0.23697 0.00004 
BAT20Aa 2 3 Sch D 368 0.3137 0.0014 0.51253 0.00006 0.51177 -2.0 -7.6 0.34852 0.00005 0.24087 0.00010 0.23722 0.00009 
BAT20Ah  2 3 Sch D 368 0.3693 0.0008 0.51265 0.00020 0.51176 0.4 -7.8 0.34858 0.00012 0.24089 0.00015 0.23751 0.00026 




Table D-4: REE results of whole-rock analyses of host rocks from magmatic scheelite mineralisation at Batemans Creek and Canaan Downs. Analyses conducted at the Brisbane geochemistry lab of ALS 
according to their ME-MS81 method.  
Sample Lithology La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
CAN-6A Arthur Marble 4.1 8.1 0.89 3.7 0.59 0.13 0.65 0.08 0.57 0.1 0.31 0.02 0.32 0.02 
CAN-3A Canaan Granodiorite 42.1 80 8.8 30.2 4.56 1.22 3.17 0.42 2.43 0.5 1.41 0.18 1.68 0.21 
CAN-2B Hydrothermally altered CG - epidote + chlorite 92.3 171 18.9 67.3 10.35 3.14 8.08 1.08 6.04 1.15 3.29 0.49 3.03 0.48 
CAN-2D Hydrothermally altered CG - mica + oxides 96.8 185.5 19.1 65.5 9.38 2.42 6.01 0.71 3.65 0.64 1.98 0.27 1.86 0.27 
CAN-4A Separation Point Suite granite 9 16.9 1.72 5.8 0.81 0.24 0.55 0.06 0.29 0.05 0.3 <0.01 0.19 <0.01 
CAN-5A Separation Point Suite granite 23.9 41.7 4.47 15.7 2.52 0.67 1.79 0.23 1.29 0.25 0.68 0.07 0.76 0.08 
BAT-11 Granite 22.6 46.2 5.66 21.2 4.83 0.64 4.8 0.78 4.57 0.84 2.57 0.35 2.48 0.34 
BAT-19A Granite 9.2 19.1 2.29 8.5 2 0.35 2.47 0.47 3.3 0.67 2.1 0.28 2.01 0.31 
BAT-22A Granite 16 33.4 4.05 15.2 3.5 0.42 3.37 0.59 3.81 0.75 2.19 0.33 2.37 0.31 
BAT-18 Bleached Granite 3.2 6.8 0.89 3.3 1.17 0.16 1.39 0.3 1.79 0.32 0.98 0.17 1.28 0.19 
BAT-14A Pelitic Hornfels 35.3 68.3 8.27 31.5 5.7 0.94 4.74 0.7 4.3 0.82 2.44 0.36 2.42 0.33 
BAT-8A Pelitic Hornfels 46.6 93 11 42.2 8.77 1.56 8.14 1.26 8.18 1.61 4.67 0.68 4.48 0.66 
BAT-23A Psammitic Hornfels 47.9 88.6 10.55 39.3 6.9 1.13 6.22 0.94 5.64 1.15 3.55 0.51 3.59 0.53 
BAT-4A Psammitic Hornfels 37 74.8 8.85 34.5 6.92 1.31 6.41 0.97 5.7 1.09 3.29 0.46 2.93 0.45 
BAT-24TorVM Tourmalinised greywacke 34.9 74 8.87 35.6 7.66 1.92 7.73 1.35 8.02 1.47 4.34 0.59 3.62 0.5 
BAT-24UnVM Unaltered greywacke 50.6 105.5 12.2 46.2 9.42 1.74 8.11 1.2 6.93 1.32 3.69 0.49 3.31 0.49 
BAT-20VSch Vein (with representative scheelite) 1.6 3.9 0.56 2.7 1.05 0.24 1.77 0.44 3.33 0.77 2.4 0.35 2.2 0.28 
BAT-24VSch Vein (with representative scheelite) 1.9 4.1 0.47 1.9 0.48 0.17 0.58 0.1 0.64 0.14 0.41 0.05 0.47 0.07 
BAT-20VMSch Vein Aureole 16.2 33.7 3.83 15 3.08 0.36 2.91 0.43 2.12 0.39 1.08 0.17 1.04 0.17 
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Table D-5: Sm-Nd isotope results of whole-rock analyses of host rocks from Canaan Downs and Batemans Creek. 143Nd/144Ndi, εNd and εNdi calculated using 351 Ma for Canaan Downs and 368 Ma for 
Batemans Creek and using λ(Sm) = 6.54 x10
-12 (White, 2015) and CHUR 147Sm/144Nd = 0.196 and 143Nd/144Nd = 0.51263 (Bouvier et al., 2008). GG = Greenland Group, DG = Dunphy Granite, CG = Canaan Granodiorite, 
SPS = Separation Point Suite, RIC = Riwaka Igneous Complex, AMG = Arthur Marble Group. NA = not applicable. References: 1 = this study, 2 = Muir et al. (1996), 3 = Muir et al. (1995), 4 = Pickett and Wasserburg 
(1989).  
 
Sample Unit Lithology Session Reference Age Sm Nd Est 147Sm/144Nd   143Nd/144Nd 2SE 143Nd/144Ndi εNdi 2SE 
Batemans Creek              
BAT4A GG Hornfels (Greywacke) 1 1 368 6.9 34.5 0.12129 0.51204 0.000013 0.51175 -8.0 0.1 
BAT8A GG Hornfels (Argillite) 1 1 368 8.8 42.2 0.12567 0.51203 0.000009 0.51172 -8.5 0.1 
BAT14A GG Hornfels (Argillite) 1 1 368 5.7 31.5 0.10942 0.51200 0.000011 0.51173 -8.3 0.1 
BAT19A DG Granite 1 1 368 2.0 8.5 0.14229 0.51222 0.000010 0.51187 -5.6 0.1 
BAT22A DG Granite 1 1 368 3.5 15.2 0.13925 0.51221 0.000009 0.51187 -5.6 0.1 
BAT23A GG Hornfels (Greywacke) 1 1 368 6.9 39.3 0.10617 0.51203 0.000010 0.51177 -7.5 0.1 
GG Arg GG Argillite 2 1 368 3.5 19.7 0.10593 0.51200 0.000008 0.51174 -8.1 0.1 
GG Grey GG Greywacke 2 1 368 9.7 51.0 0.11452 0.51205 0.000013 0.51178 -7.4 0.1 
RNZ194 DG Granite NA 2 368 5.8 22.7 0.15405 0.51206 0.000040 0.51169 -9.2 0.4 
RNZ199 DG Granite NA 2 368 5.9 28.6 0.12441 0.51209 0.000040 0.51179 -7.2 0.4 
RNZ212 DG Granite NA 2 368 5.5 27.2 0.12294 0.51209 0.000040 0.51179 -7.1 0.4 
RNZ222 DG Granite NA 2 368 8.8 42.8 0.12396 0.51209 0.000040 0.51179 -7.2 0.4 
Canaan Downs              
CAN3A CG Granite 1 1 351 4.6 30.2 0.0913 0.51249 0.000012 0.51228 1.9 0.1 
CAN4A SPS Granite 1 1 351 0.8 5.8 0.0845 0.51234 0.000014 0.51215 -0.6 0.1 
CAN5A SPS Granite 1 1 351 2.5 15.7 0.0971 0.51232 0.000013 0.51210 -1.5 0.1 
CAN6A AMG Marble 1 1 351 0.6 3.7 0.0964 0.51197 0.000010 0.51174 -8.5 0.1 
Piki 1 AMG Garnet Schist 2 1 351 6.9 36.5 0.1150 0.51176 0.000012 0.51149 -13.4 0.1 
Piki 2 AMG Garnet Schist 2 1 351 7.3 40.3 0.1095 0.51175 0.000006 0.51150 -13.3 0.1 
Onekaka schist AMG Mica Schist 2 1 351 4.1 25.2 0.0986 0.51203 0.000068 0.51181 -7.3 0.7 
Rameka gabbro RIC Gabbro 2 1 351 11.7 53.6 0.1324 0.51259 0.000012 0.51229 2.1 0.1 
RNZ27 SPS Granodiorite NA 3 351 2.3 14.9 0.0930 0.51239 0.000015 0.51218 0.0 0.2 
NE-19 AMG Garnet Schist NA 4 351 1.9 9.5 0.1223 0.51108 0.000022 0.51080 -27.0 0.2 
Standards              
BHVO-2 - - 1 - - - - - 0.512992 0.000009 - - - 
BHVO-2 - - 1 - - - - - 0.512986 0.000009 - - - 
BHVO-2 - - 1 - - - - - 0.512990 0.000011 - - - 
BHVO-2 - - 1 - - - - - 0.512973 0.000010 - - - 




Table D-6: Rb-Sr isotope results of whole-rock analyses of host rocks from Canaan Downs and Batemans Creek. 87Sr/86Sri calculated using 
λ(Rb) = 1.42 x10
-11 (White, 2015). . References: 1 = this study, 2 = Muir et al. (1996), 3 = Adams (2004).  
Sample Unit Lithology Reference Age Rb Sr Est 87Rb/86Sr  87Sr/86Sr 2SE 87Sr/86Sri 
Batemans Creek           
BAT4A GG Hornfels (Greywacke) 1 368 181 62 8.51 0.76076 0.00002 0.71619 
BAT8A GG Hornfels (Argillite) 1 368 379 52 21.19 0.79758 0.00001 0.68657 
BAT14A GG Hornfels (Argillite) 1 368 230 63 10.54 0.75675 0.00001 0.70150 
BAT19A DG Granite 1 368 203 95 6.19 0.73996 0.00002 0.70754 
BAT22A DG Granite 1 368 214 95 6.53 0.74220 0.00001 0.70798 
BAT23A GG Hornfels (Greywacke) 1 368 172 82 6.08 0.74262 0.00001 0.71077 
GG Arg GG Argillite 1 368 88 37 6.82 0.79473 0.00001 0.75899 
GG Grey GG Greywacke 1 368 122 56 6.35 0.74811 0.00001 0.71484 
RNZ194 DG Granite 2 368 - - - - -  
RNZ199 DG Granite 2 368 - - - - -  
RNZ212 DG Granite 2 368 - - - - -  
RNZ222 DG Granite 2 368 - - - - -  
ZR2 GG Siltstone 3 368 139 27 15.24 0.82193 0.00003 0.74208 
ZR3 GG Siltstone 3 368 157 26 17.37 0.83360 0.00004 0.74258 
ZR4 GG Siltstone 3 368 183 21 25.66 0.88592 0.00009 0.75147 
ZR5 GG Siltstone 3 368 139 28 14.66 0.81754 0.00003 0.74072 
ZR6 GG Slate 3 368 215 18 35.56 0.95046 0.00003 0.76417 
ZR7 GG Slate 3 368 196 21 27.78 0.89793 0.00004 0.75238 
ZR9 GG Slate 3 368 205 17 35.45 0.95095 0.00003 0.76520 
ZR10 GG Slate 3 368 195 20 28.34 0.90093 0.00003 0.75244 
Canaan Downs           
CAN3A CG Granite 1 351 148 428 1.00 0.70972 0.00001 0.70472 
CAN4A SPS Granite 1 351 98 698 0.41 0.70575 0.00001 0.70372 
CAN5A SPS Granite 1 351 57 1430 0.11 0.70538 0.00002 0.70480 
CAN6A MAG Marble 1 351 17 460 0.11 0.70948 0.00001 0.70895 
Piki 1 MAG Garnet Schist 1 351 123 122 2.91 0.73205 0.00001 0.71752 
Piki 2 MAG Garnet Schist 1 351 155 143 3.14 0.73236 0.00001 0.71668 
Onekaka schist MAG Mica Schist 1 351 203 157 3.75 0.72674 0.00001 0.70798 
Rameka gabbro RIC Gabbro 1 351 22 1167 0.05 0.70479 0.00001 0.70452 
RNZ27 SPS Granodiorite 2 351 78 1081 0.21 0.70533 0.00705 0.70428 




Table D-7: LA-ICPMS U-Pb results of zircon analyses extracted from host granitoids from Batemans Creek and Canaan Downs.  
 Uncorrected isotopic ratios Uncorrected dates (Ma) 207Pb-corrected 
Analysis ID 206Pb/238U 2SE 207Pb/235U 2SE 207Pb/206Pb 2SE 206Pb/238U 2SE 207Pb/235U 2SE 207Pb/206Pb 2SE Disc. (%) 206Pb/238U 2SE 
BAT22-1. 0.05776 0.0037 0.45 0.034 0.0559 0.002 362 23 376.8 26 441 80 -3.9 361.1 22.7 
BAT22-2. 0.0623 0.0041 0.453 0.04 0.052 0.0029 389.6 25 378 28 270 120 3.1 390.7 25.3 
BAT22-3. 0.059 0.0039 0.447 0.035 0.0542 0.0018 369.3 24 374.8 25 377 72 -1.5 369.4 24.0 
BAT22-4. 0.06301 0.004 0.473 0.038 0.0549 0.0023 393.9 25 393 27 395 93 0.2 393.7 24.6 
BAT22-5. 0.05801 0.0037 0.438 0.034 0.0544 0.0022 363.5 23 368.7 24 376 92 -1.4 363.3 22.8 
BAT22-8. 0.05781 0.0037 0.43 0.033 0.0535 0.0019 362.3 23 362.7 23 348 80 -0.1 362.4 22.8 
BAT22-10 0.0574 0.0037 0.427 0.033 0.0536 0.002 360 23 360.3 24 368 83 -0.1 359.9 22.8 
BAT22-12 0.05822 0.0037 0.424 0.033 0.0533 0.0022 364.8 23 358.1 24 346 92 1.9 365.0 22.8 
BAT22-13 0.0599 0.0039 0.463 0.041 0.0546 0.0028 375.1 24 386 28 420 130 -2.8 374.8 24.0 
BAT22-15 0.0576 0.0038 0.443 0.037 0.0542 0.0029 360.8 23 372 26 360 120 -3.0 360.8 23.4 
BAT22-16 0.0616 0.0041 0.455 0.035 0.0539 0.0019 385.4 25 380.2 24 367 78 1.4 385.6 25.2 
BAT22-20 0.06188 0.0039 0.4517 0.034 0.0536 0.0017 387 24 378.2 23 359 70 2.3 387.4 24.0 
BAT22-21 0.0543 0.0036 0.399 0.034 0.0527 0.0023 340.9 22 340 25 304 99 0.3 341.1 22.3 
BAT22-22 0.06202 0.0039 0.467 0.035 0.05525 0.0016 387.9 24 389 24 418 66 -0.3 387.5 23.9 
BAT22-23 0.05519 0.0035 0.417 0.033 0.0553 0.0022 346.3 21 354.7 24 410 88 -2.4 345.5 21.6 
BAT22-24 0.0586 0.0038 0.445 0.043 0.0562 0.004 366.8 23 377 31 450 150 -2.7 366.1 23.4 
BAT22-25 0.05803 0.0037 0.413 0.039 0.051 0.0037 363.6 23 349 29 250 150 4.2 364.9 22.9 
BAT22-26 0.0573 0.0038 0.429 0.039 0.0538 0.0028 359.3 23 361 28 340 120 -0.5 359.1 23.4 
BAT22-27 0.0579 0.0037 0.424 0.035 0.0535 0.0025 362.6 23 360 25 346 95 0.7 363.0 22.8 
BAT22-28 0.0603 0.004 0.439 0.036 0.0533 0.0021 377.7 24 369 25 329 88 2.4 377.8 24.6 
CAN2D-2. 0.0568 0.0037 0.42 0.036 0.054 0.0027 356.3 23 357 25 348 110 -0.2 356.0 22.8 
CAN2D-3. 0.05496 0.0035 0.421 0.034 0.0556 0.0025 344.9 22 358 25 420 100 -3.7 344.0 21.6 
CAN2D-5. 0.05495 0.0036 0.397 0.035 0.053 0.0029 344.8 22 338 25 300 120 2.0 345.0 22.3 
CAN2D-6. 0.056 0.0038 0.439 0.035 0.056 0.0026 351.3 23 369 25 457 96 -4.8 350.2 23.4 
CAN2D-8. 0.0578 0.0038 0.427 0.042 0.0534 0.0036 362.5 23 363 31 320 150 -0.1 362.4 23.5 
CAN2D-9. 0.0586 0.0038 0.431 0.036 0.0531 0.0026 367.3 23 364 26 368 110 0.9 367.5 23.4 
CAN2D-10 0.05348 0.0034 0.4 0.032 0.0546 0.0024 335.8 21 341 24 385 100 -1.5 335.3 21.0 
CAN2D-11 0.057 0.0036 0.426 0.033 0.0543 0.0021 357.3 22 359.7 24 398 87 -0.7 357.1 22.2 
CAN2D-12 0.05397 0.0034 0.403 0.031 0.0541 0.0021 338.8 21 343.2 23 360 85 -1.3 338.5 21.0 
CAN2D-13 0.0547 0.0037 0.5 0.056 0.0638 0.0054 343.6 23 409 38 720 190 -16.0 339.0 22.7 
CAN2D-14 0.05887 0.0037 0.431 0.036 0.0535 0.0025 368.7 23 363 25 330 100 1.6 368.9 22.8 
CAN2D-15 0.0567 0.0037 0.402 0.037 0.0515 0.0033 355.6 23 341 28 240 130 4.3 356.4 22.9 
CAN2D-16 0.05487 0.0036 0.415 0.035 0.0552 0.0024 344.3 22 354 25 430 100 -2.7 343.6 22.2 
CAN2D-17 0.05476 0.0035 0.413 0.032 0.0533 0.0018 343.7 21 350.5 23 371 82 -1.9 343.7 21.6 
CAN2D-18 0.05585 0.0036 0.4181 0.031 0.0541 0.0017 350.3 22 354.4 22 372 69 -1.2 350.1 22.2 
CAN2D-19 0.05739 0.0037 0.419 0.034 0.0525 0.0019 359.7 23 355 24 299 83 1.3 360.3 22.8 
CAN2D-21 0.05697 0.0036 0.413 0.039 0.0515 0.0035 357.1 22 348 28 290 150 2.6 358.1 22.3 
CAN2D-22 0.05507 0.0035 0.411 0.035 0.0543 0.0029 345.6 21 348 25 350 110 -0.7 345.2 21.6 
CAN2D-24 0.05495 0.0036 0.403 0.033 0.0523 0.0024 344.8 22 344 24 287 100 0.2 345.3 22.3 
CAN2D-25 0.0559 0.0036 0.404 0.042 0.0527 0.0038 350.7 22 343 30 290 150 2.2 351.0 22.3 
CAN2D-26 0.0556 0.0037 0.419 0.034 0.0536 0.0022 348.9 23 355 25 368 100 -1.7 348.8 22.8 
CAN2D-27 0.0567 0.0038 0.396 0.036 0.0506 0.0027 355.3 23 343 26 213 110 3.6 356.8 23.5 
CAN2D-28 0.05687 0.0036 0.409 0.032 0.0517 0.0021 356.5 22 349 23 277 93 2.1 357.4 22.3 
CAN2D-30 0.05551 0.0036 0.416 0.032 0.054 0.0019 348.3 22 352.5 23 371 79 -1.2 348.0 22.2 
Rejected                
BAT22-29 0.0684 0.005 0.541 0.05 0.0558 0.0025 426 30 438 33 433 99 -2.7 426.3 30.6 
BAT22-6. 0.0697 0.0047 0.553 0.05 0.0564 0.0029 434 28 446 32 450 110 -2.7 433.9 28.7 
BAT22-7. 0.0851 0.0055 0.719 0.063 0.0613 0.0035 526.5 33 547 37 620 120 -3.7 524.4 33.2 
BAT22-9. 0.165 0.011 1.68 0.13 0.0735 0.0028 984 60 1006 56 1024 78 -2.2 982.8 63.3 
BAT22-17 0.2666 0.017 3.966 0.3 0.1061 0.0035 1523 89 1626 63 1740 65 -6.3 1505.6 92.9 
CAN2D-4. 0.05939 0.0038 0.426 0.034 0.0515 0.0021 371.9 23 359.6 24 251 86 3.4 373.0 23.5 
CAN2D-7. 0.04157 0.0026 0.338 0.027 0.0566 0.0026 262.5 16 295 21 506 100 -11.0 260.9 16.1 





E. Fluid Inclusions 
Table E-1: Microthermometry results of cooling and heating experiments conducted on fluid inclusions within quartz or scheelite from Boanerges Peak (BNG), Canaan Downs (CAN), Batemans Creek (BAT), 
and Barrytown (BTY). > = decrepitation temperature, - = min temp observed before decrepitation. FI = fluid inclusion. T(h) = homogenisation temperature. L = Liquid, V = vapour 
Sample Host FI Number Fluid Freeze Eutectic melt Final ice melt CO2 melt Clathrate melt T(h),CO2 To (L or V) T(h) Comments FI type 
BNG3Ad-8 
qtz 1 -31.3  3.4       Bubble disappears upon freezing?  
qtz 2 -31.3  4.4      Bubble did not reappear on second melting round?  
qtz 3 -31.3  4.0     >111 Decrepitation on heating  
qtz 4 -31.3  4.0     >114 Decrepitation on heating  
qtz 5 -31.3  3.4     >130 Bubble barely visible at 130 C  
BNG3Ad-9 
qtz 1 -44  2.0        
qtz 2 -44  -3.8        
qtz 3 -44          
qtz 4 -44  1.6        
BNG3Ad-6 
qtz 1 ~-45  1.1        
qtz 2 ~-46  3.0        
qtz 3 ~-47  3.4        
qtz 4 ~-48  2.0        
qtz 5 ~-49  3.0        
BNG3Ad-10 
qtz 1 ~-28  2 to 3?      Bubble came back at ~20C twice??  
qtz 2 ~-28  3.1      Decrepitation on 2nd round freezing?  
qtz 3 ~-28  3.0        
qtz 4 ~-28  2.3        
qtz 5 ~-28  3.0        
BNG3Ad-1 
qtz 1 -37.5  0.4      
It appears the melting/bubble appearance temperature is 
affected by rate of heating. Quicker heating mean it melts at 
lower temps? The melting temp appears to be random but 
positive like most inclusions in this sample. Assumed to be 
metastable ice melting 
 
qtz 2 -37  3.0        
qtz 3 -37  2.3        
218 
Sample Host FI Number Fluid Freeze Eutectic melt Final ice melt CO2 melt Clathrate melt T(h),CO2 To (L or V) T(h) Comments FI type 
qtz 4 -37  3.0        
BNG6Ac-1 qtz 1   -0.6     >130C Decrepitation @ about 130C  
 qtz 2   -0.6     >130C Decrepitation @ about 130C  
 qtz 3   -0.6     >130C Decrepitation @ about 130C  
BAT24Ac-11 
sch 1 ?  -     270-280  L-rich 1V1L0S 
sch 2 ?  -16 to -22     299 +/-5 hard to define gradual phase changes with freezing L-rich 1V1L0S 
sch 3 ?  -16 to -22     293 +/-3 hard to define gradual phase changes with freezing L-rich 1V1L0S 
BAT24Ac-9 
sch 1 ?  -     231.2? solids appear to be present after bubble homogenisation L-rich 1S1L1V 
sch 2 -47  -3.7       S-rich 1S1L1V 
sch 3 ?  -3.8       S-rich 1S1L1V 
sch 4 ?  -3.8        
sch 5   -3.8      




sch 1   ?        
sch 2   -4.5     21.2 Hard to see melt  
sch 3   -3.5     19.1 Hard to see melt  
sch 4   -3.5     20.4 Hard to see melt  
BAT24Ac-1 
sch 1 -53.8  -12.0     >260-264 possible melt start at -27 +/- 1?? Compete melting at -12 L-rich 1V1L1S 
sch 2        313 +/- 1 liquid-vapour homogenisation L-rich 1V1L1S 
sch 3        >260-264  L-rich 1V1L?S 
sch 4        >260-264  L-rich 1V1L?S 
BAT24Ac-13 
sch 1 -32    7.4 0? L ~260  L-rich 1V1L 
sch 2 -31  0.1  7.4 -3.5? L >200 -225  L-rich 2V1L?S 
sch 3 -32         L-rich 1V2L?S 
sch 4 -31.2 -22.7  -61.3 6.9 4.3? L >100 decrepitation <100 L-rich 1V1L?S 
sch 5        >200 -225  S-rich? 
sch 6        >251 bubble won’t return after 251 L-rich 1V1L1S? 
sch 7        >150-190 decrepitation between 150 and 190 L-rich 1V1L1S? 
BAT20Aj-5 
sch 1     11 25-25.5 ? 275 3-4 um dark inclusion - hard to see anything  
sch 2     11 25.5-26 ? 275 3-4 um dark inclusion - hard to see anything  
219 
 
Sample Host FI Number Fluid Freeze Eutectic melt Final ice melt CO2 melt Clathrate melt T(h),CO2 To (L or V) T(h) Comments FI type 
sch 3  -27?  -57.1 11 29 +/- 1 ? 275 3-4 um dark inclusion - hard to see anything  
BAT20AJ-6 
sch 1    -58.7 6.6 16.5 L >175 Decrepitation between 175 and 180 L-Rich 2V1L1S? 
sch 2    -58.3 6.6 16.5 L >175 Decrepitation between 175 and 180 L-Rich 2V1L1S? 
sch 3    -59.1 6.3 - 7.5   291.5 Slight mass loss on heating L-Rich 2V1L1S? 
sch 4     6.3 - 7.5 14.6 L ~290 
Slight mass loss on heating. At 175 oC a hairline crack 
developed next to FI 2 and 4 
L-Rich 2V1L1S? 
BTY7Ab-1 
sch 1 -44  -2.8     >240-250 One dark solid and one clear yellowish solid L-rich 1V1L2S 
sch 2   -2.7     251 +/-3 clear solid edges may also have a dark one but cant see L-rich 1V1L1S 
sch 3   -2.9      poor optical quality, one clear solid obvious though. L-rich 1V1L2S 
BTY7Ab-2 
sch 1  19.1   7.1 14.9 V? >230-240  L-rich 1V1L?S 
sch 2        200-210  L-rich 1V1L?S 
sch 3          L-rich 1V1L?S 
? sch ?  21.8 -2.2 -59.7 6    Clathrate straight to vapour?  
BTY7Ab-11 
sch 1          ? 1V1L?S 
sch 2        >240-250  L-rich 1V1L1S 
sch 3     2.5???   >240-250  L-rich 1V1L1S 
sch 4        >180-200  L-rich 1V1L1S 
BTY7Ab-12 
sch 1   2.3        
sch 2   -2.2        
sch 3 -36.9  -1.8        
sch 4   -2.8        
BTY6Ac-1 
sch 1   -2.1     ~184 maybe more similar to FI2 but hard to see when bubble is gone L-rich 1V1L0S 
sch 2   -2.1     201  L-rich 1V1L0S 
sch 3   -2.1     >230  S-rich? 1V1L2S? 
sch 4   -2.1       L-rich 1V1L0S 
sch 5   -2.1     >184  S/L-rich 1V1L0S 
sch 6   -1.8     184  S-rich 1V1L1S 
CAN2Ai-1a 
sch 1   -2.6     150- Warmed to 250 with no change in supposed solids L-rich 1V1L1S 
sch 2   -2.6     177- Warmed to 250 with no change in supposed solids L-rich 1V1L1S 
sch 3   -2.6     189.4- Warmed to 250 with no change in supposed solids L-rich 1V1L1S 
CAN2Ai-12 sch 1   -2.8     209- Warmed to 250 with no change in supposed solids L-rich 1V1L?S 
220 
Sample Host FI Number Fluid Freeze Eutectic melt Final ice melt CO2 melt Clathrate melt T(h),CO2 To (L or V) T(h) Comments FI type 
sch 2   -2.5     195 Warmed to 250 with no change in supposed solids L-rich 1V1L1S 
sch 3   -3.0      Warmed to 250 with no change in supposed solids L-rich 1V1L1S 
sch 4   -2.5     201- Warmed to 250 with no change in supposed solids L-rich 1V1L1S 
sch 5   -2.8?     185- Warmed to 250 with no change in supposed solids L-rich 1V1L1S 
CAN2Ai-7 
sch 1 -20  -2.9     201 Warmed to 235 with no change in supposed solids L-rich 1V1L2S 
sch 2 -41.4  -2.8     201.3 Warmed to 235 with no change in supposed solids L-rich 1V1L1S 
sch 3   -2.8     189 Warmed to 235 with no change in supposed solids L-rich 1V1L2S 
sch 4   -2.7     195- Warmed to 235 with no change in supposed solids L-rich 1V1L2S 
CAN2Ai-14 
sch 1   -3.3     198- Warmed to 235 with no change in supposed solids L-rich 1V1L1S 
sch 2   -3.3     182.9- Warmed to 235 with no change in supposed solids L-rich 1V1L1S 
sch 3   -1.4      Warmed to 235 with no change in supposed solids L-rich 1V1L1S 
sch 4   -2.8     177.5- Warmed to 235 with no change in supposed solids L-rich 1V1L1S 
sch 5   -3.3     170- Warmed to 235 with no change in supposed solids L-rich 1V1L0S 
BTY7Ab-12 
qtz 1 -42.0  -4.7  11.8?    maybe something other than clathrate melting  
qtz 2 >21.1 (-22?)          
qtz 3   -4.6  11.4?    maybe something other than clathrate melting  
qtz 4   -4.7  11.4?    maybe something other than clathrate melting  
qtz 5   -4.7  11.4?    maybe something other than clathrate melting  
BTY7AB-12b 
qtz 1   -1.7        
qtz 2   -        
qtz 3   -2.1        
qtz 4   -1.6        
qtz 5   0.9        
qtz 6   -1.5        
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A B S T R A C T   
Scheelite (CaWO4) is a useful mineral in determining the paragenesis of mineralising systems. While it is well- 
established that scheelite grains contain trace element budgets indicative of the mineralising fluid, scheelite 
grains within the same rock commonly display a wide range of inter-element ratios such as Sm/Nd caused by 
crystal-melt/fluid fractionation. With time, the varying Sm/Nd leads to variability in Nd isotope ratios, opening 
the possibility of using the 147Sm-144Nd decay system within a single thin section to 1) establish the initial Nd 
isotopic composition of the mineralising fluid and 2) date scheelite crystallisation. Here, we provide the first 
assessment of rapid in-situ Sm-Nd scheelite characterisation by simultaneous acquisition of Sm-Nd isotopes and 
trace elements (REE + Sr + Mo) using laser ablation split-stream (LASS) inductively coupled plasma mass 
spectrometry (ICPMS) for scheelite mineralisation associated with the 368 Ma Barrytown Granite in New Zea-
land. The resulting data plot as linear arrays on isochron diagrams that yield robust regression ages of 307 + 76/ 
− 66 Ma and 281 + 190–140 Ma that overlap the age of the host granite and have initial 143Nd/144Nd compo-
sitions of εNdi (368) = − 4.4 ± 0.7 and εNdi (368Ma) = − 5.0 ± 1.3 overlapping those of age-corrected host rocks. 
Analysis of Archean scheelite from the Young-Davidson Gold Mine in Abitibi Greenstone Belt, Canada yields an 
isochron age that overlaps with the existing age constraints of the scheelite mineralisation (2.47–2.6 Ga) and 
confirms the viability of the method. Despite the large errors, the in-situ Sm-Nd scheelite isochron method 
therefore has the potential to be a very powerful tool in mineral exploration and paragenetic studies because it 1) 
enables characterisation of the initial Nd isotope composition of the hydrothermal fluid on a microscale; 2) is 
useful for placing broad age constraints on a deposit; and 3) could be used for assessing detrital scheelite 
provenance. Constraints on the method include a minimum concentration of Nd in scheelite of at least 100 ppm 
and necessary variability of Sm/Nd within a sample. Ultimately these factors limit the current application of this 
approach to geochronology.   
1. Introduction 
Scheelite (CaWO4) is an important mineral for understanding ore 
deposits because of its occurrence in skarns, vein/stockworks, greisens, 
porphyrys and orogenic Au deposits (Poulin et al., 2018; Poulin et al., 
2016; Scanlan et al., 2018) and its ability to incorporate a variety of 
trace elements, including up to 1000 ppm of rare earth elements (REE) 
and Sr. By characterising scheelite trace element compositions, it is 
possible to gain insights into the physiochemical processes active within 
the deposits during mineralisation (Fu et al., 2017; Ghaderi et al., 1999; 
Hazarika et al., 2016; Plotinskaya et al., 2018; Raimbault et al., 1993; 
Roberts et al., 2006; Song et al., 2014) and by determining the Sr and Nd 
isotope compositions it is possible to trace the source of scheelite- 
mineralising fluids and detect fluid-rock interactions (Bell et al., 1989; 
Brugger et al., 2002; Darbyshire et al., 1996; Kempe et al., 2001; Sun and 
Chen, 2017). 
Scheelite isotope compositions in mineralising systems are 
commonly measured via bulk sampling techniques, which homogenise 
fine-scale compositional variation and therefore obliterate the micro- 
textural context of the elements. However, due to advancements in 
LASS-ICPMS, reliable in-situ measurements of scheelite trace element 
and REE compositions down to the 50-μm scale have become 
commonplace (Brugger et al., 2000a; Brugger et al., 2000b; Brugger 
et al., 2002; Dostal et al., 2009; Hazarika et al., 2016; Poulin et al., 2018; 
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Poulin et al., 2016; Sciuba et al., 2019; Song et al., 2014; Sun and Chen, 
2017). Recently, determination of Sr isotopic compositions down to the 
33-μm scale has been carried out (e.g. Kozlik et al., 2016; Li et al., 2012; 
Scanlan et al., 2018). Such studies have found considerable fine-scale 
trace element, REE, and Sr isotope zonation within single scheelite 
grains, emphasising the sensitivity of scheelite crystal chemistry to its 
mineralising conditions and reinforcing the importance of developing 
in-situ analytical techniques. 
Because scheelite trace element compositions within single grains or 
samples show variable REE abundances (Brugger et al., 2000a; Brugger 
et al., 2000b; Brugger et al., 2002; Dostal et al., 2009; Hazarika et al., 
2016; Sun and Chen, 2017), the variation in Sm/Nd makes this isotope 
system a potential mineralisation dating tool. The trace element patterns 
often range from an n-shaped pattern where the middle REEn (n =
chondrite normalised) are greater than the light REEn and heavy REEn, 
through to a u-shaped pattern where middle REEn are lower than the 
light REEn and heavy REEn. The most common interpretation of these 
patterns is that there is an evolution from an n-shaped pattern towards a 
u-shaped pattern during progressive fractional crystallisation in a closed 
system due to scheelite having a crystallographic preference for middle 
REE (Brugger et al., 2000a; Brugger et al., 2000b; Brugger et al., 2002; 
Hazarika et al., 2016; Li et al., 2018). If this is the case, the variation in 
Sm/Nd ratios may develop during a single event of mineralisation 
(within practical analytical error) and, therefore, measurement of the in- 
situ variation of Sm-Nd isotopic compositions make it possible, in the-
ory, to determine the timing of mineralisation using an isochron from 
within a single grain, thin section or grain mount. A single account of in- 
situ Sm-Nd isotope analysis of scheelite, via micro-drilling and then 
traditional solution chemistry, has been provided by Brugger et al. 
(2002) but this approach requires relatively large grains with thick 
zonation domains to accommodate the 1 mm drill diameter. More recent 
micromilling approaches (e.g. Charlier et al., 2006) may provide greater 
spatial resolution and should be explored. 
LASS-ICPMS enables analysis at a high spatial resolution with min-
imal sample preparation and quicker sample throughput than solution- 
based methods. Here, we evaluate the use of LASS-ICPMS to simulta-
neously measure in-situ Sm-Nd isotopes and trace element compositions 
of scheelite at the 193-μm scale and discuss the advantages and disad-
vantages of this approach in dating mineralisation events. Firstly, we 
present and compare the results of LASS-ICPMS and TIMS analyses on 
two potential scheelite standard reference materials (SRM) using titanite 
as a primary calibration SRM and apatite as a secondary SRM. We then 
examine two case studies: 1) a Phanerozoic intrusion-related scheelite 
occurrence in Barrytown, New Zealand, representative of young de-
posits common globally; and 2) scheelite mineralisation from the Young- 
Davidson Gold Mine within the Neoarchean Abitibi terrane of the Su-
perior craton in Canada to assess the method in ancient mineralising 
systems. We conclude that LASS-ICPMS provides a rapid reconnaissance 
method for general age constraints on scheelite mineralisation events, is 
useful for characterising the pathways of ore-forming fluids and could be 
used to determine the provenance of detrital scheelite grains. 
2. Methods 
2.1. Sample preparation 
Two large (3 cm diameter) euhedral scheelite crystals from Canaan 
Downs, New Zealand, were prepared for assessment as potential 
scheelite standard reference materials for LASS-ICPMS Sm-Nd isotope 
analysis. Each crystal was crushed in a plastic bag with a steel hammer 
and fragments of 2–10 mm in diameter were handpicked under visible 
light. Fragments with inclusions or factures were avoided. Four 
randomly selected fragments from each crystal were put aside for 
isotope dilution - thermal ionisation mass spectroscopy (ID-TIMS) and 
others were set within an epoxy mount: scheelite standard mount 2 
(SSM2). The epoxy-mounted fragments were mapped at the University 
of Otago by electron backscatter diffraction and imaged using cath-
odoluminescence imaging. 
Representative scheelite-bearing rock samples from the Barrytown 
location were prepared as polished thin sections with a minimum 
thickness of 30 μm thick to help avoid laser drill-throughs. Grain 
boundaries in scheelite within the thin sections were mapped using a 
petrographic microscope and cathodoluminescence imaging was used to 
check for growth zonation in some samples. Cathodoluminescence im-
aging was undertaken in the Geology Department at the University of 
Otago using a Technosyn 8200 Mk11 cold cathode luminescence system 
attached to an Olympus BX41 petrographic microscope. Electron beam 
operating conditions of 17–20 kV and 620 μA were maintained during 
imaging. In addition, a ~1 cm diameter fragment of the Young-Davison 
sample (M1088) was mounted in epoxy and polished. Ablation was 
conducted on point lines across the grain. 
Prior to undertaking in-situ LASS-ICPMS Sm-Nd isotope analysis on 
the Barrytown scheelite, a preliminary session of trace element analysis 
via laser ablation ICPMS was undertaken at the University of Otago 
during the same analytical session and following the same methods as 
described in detail by Tay et al. (2020). Points were then selected for 
isotopic analysis that covered a range of Sm/Nd and avoid areas where 
the Nd concentrations were less than 100 ppm, which we determined to 
be the lower threshold for reliably measuring Sm and Nd isotope 
abundances. The LASS analysis points for the Young-Davison scheelite 
and the scheelite standard mounts were randomly selected as no pre-
liminary trace element analysis was conducted. 
2.2. LASS-ICPMS 
Simultaneous Sm-Nd isotope and trace element measurements were 
made in the Arctic Resources Laboratory at the University of Alberta 
(Luo et al., 2019). The scheelite samples were ablated using the LASS 
technique described by Yuan et al. (2008) and Xie et al. (2008) and 
refined by Fisher et al. (2014). Samples were ablated using a 193 nm 
Resolution Excimer ArF laser equipped with a Laurin-technic S-155 two- 
volume ablation cell. Analyses were performed using a laser fluence 
(measured at the ablation site) of 3.8 to 4 J/cm2 and a repetition rate of 5 
to 7 Hz. Analysis time consisted of 60 s of background followed by 70 s of 
ablation and then 40 s of sample washout. The carrier gas was a mixture 
of ~1.6 L/min Ar and 14 mL/min N2, which entered tangentially from 
the top of the S-155 ablation cell funnel and ~800 mL/min He entering 
from the side of the cell. This yielded a pressure in the ablation cell of 
~7.5 KPa. The ablated sample aerosol, He, N2 and Ar mixture was then 
split after the laser cell using a Y-piece, diverting the ablation product to 
a Thermo Neptune Plus using multiple Faraday detectors with 1011 Ω 
amplifiers operating in static collection mode (for Sm-Nd) and a Thermo 
Element-XR 2 mass spectrometer using a single secondary electron 
multiplier detector in peak hopping mode (for trace elements). The ge-
ometry is described in more detail in (Fisher et al., 2020). The length of 
tubing was equalised such that the ablated sample aerosol arrives 
simultaneously at both mass spectrometers. Trace elements (with their 
analysed isotope given) measured were 88Sr, 95Mo, 139La, 140Ce 141Pr, 
146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb and 
175Lu. Calibration was performed using REE-doped silicate glass NIST 
SRM 612 in conjunction with internal standardisation using isotope 
43Ca. The results of the measurements of secondary standards (e.g., 
NIST614) agree with the reference values within relative uncertainties 
of typically 5–10% or better at the 95% confidence level. Typical laser 
ablation and ICPMS parameters during sample analyses are summarised 
in Table 1. 
LASS-ICPMS data were collected over four analytical sessions with 
the first two in August 2018, the third in September 2018 and the last 
one in September 2019. During the first two sessions, the epoxy- 
mounted crystal fragments within SSM2 were analysed to assess in- 
situ isotopic homogeneity across the fragments and to assess whether 
the LASS-ICPMS method is able to reproduce the ID-TIMS compositions 
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of these crystals at the 193 μm resolution. During the third session the 
Neoarchean scheelite sample from the Young-Davidson Mine was ana-
lysed without accompanying SSM2 analyses, and during the fourth 
session the Phanerozoic scheelite samples from Barrytown were 
analysed along with a few 940 scheelite analyses from SSM2. 
For Sm-Nd isotopes, standard reference materials analysed during all 
sessions were Tory Hill titanite (TH-tnt-1) and Tory Hill apatite (TH-ap- 
1); (Fisher et al., 2020). The Sm-Nd and trace element data were 
Table 1 
A) Cup configuration for Sm – Nd isotopic analyses and corresponding interferences. B) Operating parameters of both mass spectrometers during LASS analyses.  
(A)  
L4 L3 L2 L1 Axial H1 H2 H3 H4 
Analyte 142Nd 143Nd 144Nd 145Nd 146Nd 147Sm 148Nd 149Sm 150Nd 
Interference 142Ce  144Sm    148Sm  150Sm, 134Ba16O   
(B) 
Parameters Multi collector-inductively coupled plasma mass spectrometer Sector field-inductively coupled plasma mass spectrometer 
Thermo Neptune Plus Thermo Element XR 
Forward power 1275 W 1250 W 
Mass resolution Low Low 
Gas flows   
Cool/plasma (Ar) 16 L/min 16 L/min 
Auxiliary (Ar) 1 L/min 1 L/min 
Sample/nebulizer (Ar) 0.6 L/min 1 L/min 
Carrier gas (He) 400 mL/min 400 mL/min 
Nitrogen 6–7 mL/min 6–7 mL/min 
Laser ablation   
Type Resolution Excimer 193 nm ArF excimer laser (Australian Scientific Instruments)  
Ablation cell Laurin Technic S-155, constant geometry, aerosol dispersion volume < 1 cm3  
Pulse width 20 ns  
Repetition rate 5 Hz–7 Hz  
Laser fluence 3.8–4 J/cm2  
Spot size 193 μm   
Fig. 1. 143Nd/144Nd LASS-ICPMS results of SRMs over the 4 analysis sessions. Horizontal axis is analysis order, sessions are indicated by the red dashed line. Internal 
2SE shown. The thick horizontal lines represent the target values, associated 2SE are less than or equal to line thickness. Target values are taken from (Fisher et al., 
2020) for TH-tnt-1, and TH-ap-1 and determined by TIMS for 940 scheelite and 014 scheelite (Table 2). 940 scheelite was not analysed during session 3 and 014 
Scheelite was not analysed during sessions 3 and 4. YDS = Young-Davidson scheelite, BTY = Barrytown scheelite. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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processed offline using Iolite v3.32 software within Igor Pro 6.37 (Paton 
et al., 2011) customised to the LASS applications (Fisher et al., 2017). 
Approximately the first 5 s of each analysis were removed so that each 
integration period included measurements taken after the laser had 
bedded into the sample surface and was thus free of surface contami-
nation. Additionally, all integration periods were inspected and adjusted 
to capture potential isotope zonation and remove any peculiarities (such 
as, drill throughs, large spikes due to inclusions or alteration cracks). 
The isotopic data were reduced using the LASS software approach 
described by Fisher et al. (2017), and standardised against 146Nd and the 
Tory Hill titanite. Results were filtered to remove any analyses with 
internal precisions at the 2SE level of greater than 0.8 epsilon units (2SE 
× 10,000), with 148Nd/144Nd values below 0.241 and to retain only the 
analyses with 145Nd/144Nd between 0.348365 and 0.348465; the 
accepted invariant value, normalised to a 146Nd/144Nd value of 0.7219, 
is 0.348415 (Wasserburg et al., 1981). 
Tory Hill (TH-tnt-1) titanite has a recently determined homogenous 
143Nd/144Nd value of 0.512310 ± 5 (Fisher et al., 2020). We chose to use 
this as the primary calibration standard because titanite was the closest 
matrix match to scheelite available among well-characterised reference 
materials and because our attempts to develop an in-house scheelite 
standard (940) showed that some fragments contain higher than 
acceptable internal variation in Sm-Nd isotopes (discussed below). 
Therefore, during each session 15 Tory Hill titanite analyses were 
completed with at least 5 analyses bracketing 9–12 unknowns. Some 
outlier analyses of Tory Hill titanite were removed from each session due 
to anomalous isotopic ratios and were attributed to defects at the crystal 
surface, as space available for ablation was limited. Even so, at least 10 
analyses of Tory Hill titanite replicated the known value within mea-
surement uncertainty (Fig. 1). The mean internal 2SE for all titanite 
analyses was 0.14 epsilon units. Tory Hill (TH-ap-1) apatite is another 
reference material that has recently been determined to have homoge-
neous 143Nd/144Nd = 0.512048 ± 6 (Fisher et al., 2020) and was used as 
a secondary standard with 14 analyses per session carried out with a 
mean internal analytical uncertainty (2SE) of 0.14 epsilon units during 
each analytical session. 
2.3. TIMS 
2.3.1. Sample preparation 
Due to variable Nd concentrations in the samples (e.g. 150–700 ppm) 
relatively smaller (approximately 5–15 μg) visibly inclusion free and 
clean fragments of scheelite were picked under binocular microscope. 
All samples were cleaned by 4 N HNO3 on a hotplate for 60 min. A pre- 
calibrated 150Nd-149Sm spike was added to each fraction prior to 
dissolution by a mixture of concentrated HF (48%) and HNO3 (16 N) in a 
2:1 ratio on a hotplate at 120 ◦C for 48–72 h. The solution was evapo-
rated to dryness before converting into chloride form to pass through the 
column chemistry. Nd and Sm were separated from other REE and major 
elements using a cation column (AG 50W X8 100–200 mesh) followed 
by a Ln spec column chemistry according to a similar procedure 
described by Scrivner et al. (2004), with procedural blanks and analysis 
of reference materials given in Shu et al. (2019). 
2.3.2. Instrumentation + acquisition method 
The Nd isotopic composition was measured using a Thermo-Fisher 
Triton Plus Thermal Ionisation Mass Spectrometer (TIMS) at the Arctic 
Resources Lab in University of Alberta. The TIMS is equipped with nine 
Faraday cups connected to 1011 Ω amplifiers and operating in the pos-
itive ionisation mode. Details are given in Shu et al. (2019). The Nd 
samples were dried down with 1 μL of 0.1 M H3PO4 and 1 μL 0.15 M 
HNO3 was subsequently added before the mixture was loaded onto a 
previously outgassed zone-refined Re double filaments. About 100 ng 
load of reference material JNdi-1 was used as a primary standard to 
monitor the TIMS instrument performance. All isotopic data were 
collected in a static multi-collector mode using the cup-configuration 
described in Table 1 (main document) and following the procedure 
similar to Li et al. (2012). Analyses were collected during two analytical 
sessions, one for 940 scheelite and the second for 014 scheelite. Mass 
fractionation of Nd isotopes was exponentially corrected by applying a 
146Nd/144Nd ratio of 0.7219 outlined by Vance and Thirlwall (2002). 
The 149Sm signal was monitored and the invariant ratio of 149Sm/144Sm 
was used to correct for any isobaric interference of Sm on 144Nd. 
3. Sample selection 
The two euhedral scheelite crystals OU15014 (014) and OU13940 
(940), from Canaan Downs, New Zealand, were taken from the Otago 
University mineral collection. Scheelite at Canaan Downs is located 
within quartz veins up to 2 m wide that cross-cut a Carboniferous 
granodiorite pluton and the intrusive contacts with a surrounding 
Devonian marble; however, the exact location and geological context of 
the scheelite crystals, 014 and 940, are unknown as they were collected 
>50 years ago. 
A coarse grain of scheelite (M1088) housed in the Mineralogy and 
Petrology Museum, University of Alberta, Edmonton, from the gold and 
scheelite deposit at Young-Davison Mine in Ontario, Canada, was pro-
cessed to assess the applicability of the method when applied to old 
grains, on the basis that any inherent variability in Sm/Nd will generate 
significantly larger time-integrated variations in Nd isotope ratios over 
the likely >2.4 Ga age of this deposit. The Young-Davison deposit is a 
Neoarchean lode-gold deposit that has formed at the western extent of 
the Cadillac – Larder Lake deformation zone (CLLDZ). Gold ± scheelite 
mineralisation is associated to a syenite intrusion which is cross-cut by 
diabase dykes of the Matachewan dyke swarm. Four generations of 
quartz veins have been identified within the syenite intrusion V1–V4 but 
only V3 veins contain scheelite. These veins are younger than the host 
rocks dated to greater than 2600 Ma old (Ayer et al., 2002), providing a 
maximum age constraint on the scheelite mineralisation, and the cross- 
cutting diabase dykes are dated to 2473 + 16/− 9 Ma (Heaman, 1997; 
Zhang et al., 2014). V4 veins cross-cut the diabase dykes and have been 
dated by hydrothermal monazite to 1730 ± 5 Ma (Zhang et al., 2014). 
The main suite of unknown scheelite grains analysed for this study 
come from weak tungsten mineralisation at Barrytown on the West 
Coast of the South Island of New Zealand (Supplementary Data Fig. S1). 
Mineralisation occurs within the Barrytown Granite - a small (4 km2) S- 
type pluton exposed near its original roof level that intruded Lower 
Ordovician greywackes and argillites of the Greenland Group (Tulloch, 
1986). This is overprinted by an early propylitic alteration preserved in 
the pluton core and followed by argillic alteration associated to the 
pluton rim (Tulloch, 1986). Greisenised zones up to 2 m from the quartz 
± scheelite veins postdate the propylitic alteration (Tulloch, 1986). The 
crystallisation age of the intrusion has been determined by U-Pb in 
zircon is 368.3 ± 0.6 Ma (Tulloch et al., 2009). Scheelite veins are 
mostly confined to within the pluton or in the wall rock near the pluton 
margin and are near vertical with north to northeast strikes. In the veins, 
minor amounts of pyrite occur with scheelite, along with wolframite, 
tourmaline, topaz, cassiterite, rutile, hematite, pyrrhotite, chalcopyrite, 
molybdenite, and magnetite (Tulloch, 1986). Scheelite occurs as gran-
ular aggregates between 0.2- and 1-cm wide in quartz-tourmaline veins 
and as disseminated grains (0.5-mm diameter) in a zone between 3 and 
6 cm on either side of the veins. The scheelite-bearing portion of the 
alteration halos are intensely altered and consist mainly of white mica 
(50%) that has replaced the original granitic texture. Two scheelite- 
bearing veins were sampled from Barrytown. These are BTY6A, which 
is located within the core of the pluton, and BTY8A from near the 
margin. Two microscope slides were made from BTY6A: BTY6Aa is a 
thin (5-mm wide) predominantly scheelite-bearing veinlet offshoot from 
a thicker quartz vein, whereas BTY6Ab contains disseminated scheelite 
grains more than 10 mm from the scheelite veinlet margin (Fig. 2A, B). 
BTY8A is vein scheelite occurring in thin sheeted veins (5-cm wide max). 
Three thin sections were made: BTY8Aa, BTY8Ab and BTY8Ac, which 
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randomly sample scheelite grains from the vein. The scheelite forms 
subhedral grains 1 to 5 mm in diameter. 
4. Results 
4.1. Cathodoluminescence textures 
Fragments of the 940 scheelite and 014 scheelite appeared homog-
enous with a blue or whitish blue CL colour. Textures revealed by CL 
imaging of Barrytown scheelite include stripy (S)-type and homoge-
neous (H)-type (Fig. 2C–G). S-type textures are characterised by a va-
riety of colour zones with sharp boundaries and may include areas with 
oscillatory zoning or areas with a mottled appearance. H-type textures 
are relatively homogenous and generally consist of a single CL colour 
with diffuse boundaries between different homogenous zones. Vein 
scheelite in BTY6Aa contain both S-type and H-type CL textures. The H- 
type texture occupies the middle of the scheelite vein and has a reddish- 
blue CL colour, whereas the S-type textures are located along the edges 
of the vein, extend into the wall rock and consist of red, blue and rare 
white CL colours (Fig. 2C–G). The boundaries between S-type and H- 
type textures are sharp but they do not correspond to grain boundaries. 
Observations with a petrographic microscope show that the vein 
scheelite consists of a single grain with straight extinction under cross- 
polarised light. Disseminated scheelite in BTY6Ab are all S-type and 
are similar in appearance to S-type in BTY6Aa. Scheelite grains within 
the three thin sections of BTY8A are dominated by either red or blue H- 
type zones. The red H-type zones are typically associated to the edge of 
the grains, but blue H-type is present from the middle to the edges of 
most grains (Fig. 2E–G). 
4.2. Potential scheelite standard 
4.2.1. TIMS results 
TIMS results for 940 scheelite show that all 6 analyses on 4 fragments 
are statistically indistinguishable with a weighted mean 143Nd/144Nd of 
0.512323 ± 4 (εNd = − 6.0 ± 0.4) and an MSWD = 1.14 (Table 2). The 
MSDW greater than 1 indicates excess scatter, which is mainly due to 
analyses of 940C and 940C-2. These two analyses have larger 2SE of 
0.37 and 0.16 epsilon units respectively compared to the other four 
analyses, which have 2SE between 0.07 and 0.09 epsilon units. TIMS 
results for 014 scheelite are heterogenous with 143Nd/144Nd composi-
tions between 0.512538 ± 5 and 0.512487 ± 100 (εNd = − 1.8 ± 0.1 to 
− 2.8 ± 1.0; Table 2). The weighted average 143Nd/144Nd of all 6 ana-
lyses from 4 different fragments is 0.512538 ± 0.05 with an MSDW of 
9.1. Replicate analyses of JNdi-1 during both analytical sessions yielded 
identical weighted means of 0.512106 ± 11, which agree with the 
accepted value of 0.512115 (Jochum et al., 2005). 
4.2.2. Potential scheelite standard LASS-ICPMS results 
LASS-ICPMS of 940 scheelite showed that the fragments analysed in 
Fig. 2. Analysis maps of LA-ICPMS points in BTY6A 
and BTY8A. A + B: Photographs of the thin section 
surface exposed to a strong UV light - scheelite has a 
blue fluorescence other minerals appear as in visible 
light, white scale bar is 2 mm, red box indicates field 
of view for image C. C to G: Cathodoluminescence 
(CL) images showing the various CL textures and 
their boundaries (red dotted lines). Analysis spots are 
shown to scale (193 μm). S = S-type CL textures, H =
H-type CL textures, B = blue CL colour and R = red/ 
orange CL colour. Note that no internal grain 
boundaries are present within contiguous scheelite 
grains in each image. (For interpretation of the ref-
erences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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SSM2 were homogeneous in 143Nd/144Nd and effort was made to 
develop this into a Sm-Nd isotope standard. In the first two analytical 
sessions, individual analyses of the 940 and 014 scheelite Nd isotope 
results mostly overlapped the weighted mean of the TIMS results 
(Fig. 1). During the same sessions, some variability in the isotope results 
was evident in the titanite and apatite SRMs, with individual analyses up 
to 5 epsilon units different from the known values. However, in the 
fourth session, during the measurement of the Barrytown samples and 
after improved instrument tuning, all titanite and apatite SRM analyses 
overlapped the known values with average internal 2SE of both SRMs of 
0.14 epsilon units and the three analyses on 940 scheelite overlapped 
the weighted mean of the TIMS measurements with average internal 2SE 
between 0.24 and 0.48 epsilon units (Fig. 1). However, we subsequently 
found that additional LASS analyses of epoxy mounted fragments of 940 
scheelite (not in SSM2), completed during an analytical session that is 
not reported here, discovered two anomalous fragments with Nd isotope 
compositions up to 30 epsilon units lower than the weighted mean of the 
TIMS results. This implies that 940 is not homogeneous, although the 
less radiogenic components must form only a small portion of the grain. 
Therefore, we conclude that, although 940 scheelite shows promise for 
Sm/Nd LASS methods, it would be necessary to first characterise all 
fragments that were intended to be used as a SRM. A synthetic scheelite 
reference material has recently been developed for use, which may assist 
in further studies (Ke et al., 2020). 
4.3. Trace elements by LASS-ICPMS 
Different veins and textural types show distinctive variations in trace 
element and chondrite normalised REE patterns (Fig. 3, Table 3). All 
analyses except for those within the core of the vein in BTY6A have 
chondrite-normalised patterns that are similar in form to those 
described by Ghaderi et al. (1999) and (Brugger et al., 2000b), which 
consist of an n-shaped pattern when total REE are high, progressing 
towards a flat and then a u-shaped pattern with decreasing total REE 
(Fig. 3A–D). On a (Sm/La)n vs (Gd/Lu)n diagram (Fig. 3E) the scheelite 
compositions generally plot along a positive linear trend that is expected 
for n-shaped to u-shaped patterns. Additionally the n-u patterns are 
tilted in favour of light REE (Lan/Lun >1). The observed tilting resembles 
the light REE-enriched whole-rock pattern of the Barrytown Granite and 
is most prominent in the disseminated scheelite analyses (BTY6Ab). 
Exceptions to the n-u patterns are the analyses from the core of the 
scheelite vein in BTY6Aa that have a flattened “m” shape (Fig. 3A). Eu 
concentrations are similar for all analyses, ranging from 7 to 18 ppm, 
and so the variation in Eu anomaly is closely correlated to the total REE 
content. As such, n-shaped patterns tend to have a negative Eu anomaly 
whereas u-shaped patterns have a positive anomaly. 
The variations in the REE pattern can, in some cases, be linked to CL 
texture. In BTY6Aa, the m-shaped patterns correspond to H-type tex-
tures in the core of the vein whereas the n-shaped patterns are consis-
tently found within the S-type textures along the fringes of the veins. In 
BTY6Ab, all the scheelite grains have S-type textures but they show a 
range of REE patterns from n to u shaped. Therefore, a correlation with 
CL texture is not clear; however, in the three BTY8A thin sections, it 
appears that red coloured H-type textures correspond to flat and n- 
shaped REE patterns whereas the blue H-type textures correspond to flat 
and u-shaped patterns. The resolution of the 193 μm laser beam diam-
eter is insufficient to assess the REE patterns of colour zonation in S-type 
textures, and so the REE patterns for those analyses may represent 
mixtures of REE compositions. 
Overall, scheelite from BTY6A has higher concentrations of Sr and 
total REE and lower Mo contents compared to BTY8A (Table 3). 
Scheelite compositions from each vein can be distinguished in a Sr - Mo 
chemical variation plot (Fig. 3F). BTY8Aa scheelites are clustered be-
tween 4 and 6 ppm Mo and 60 to 100 ppm Sr, whereas those from 
BTY6Aa have a much narrower range of Mo (2 and 3 ppm) and a much 
wider range of Sr (90 to 270 ppm). Within BTY6A, the disseminated 
scheelite (BTY6Ab) crystals have similar Mo concentrations to the vein 
scheelite (maybe slightly higher at about 2.9 ppm) but a tighter range in 
Sr concentrations, between 175 and 225 ppm, which is at the higher end 
of the Sr contents for BTY6A. Only vein scheelite was analysed from 
sample BTY8A and these crystals form a mixed cluster except for two 
outliers with high Sr values in BTY8Ac, which were analysed close to the 
edge of a scheelite grain. However, other analyses close to the edges of 
grains in BTY8Aa and BTY8Ab did not have anomalous Sr values. 
Table 2 
A + B: Sm-Nd TIMS results for 940 scheelite, 014 Scheelite and JNd-1. εNd calculated using CHUR 143/144Nd(0 Ma) = 0.512630 (Bouvier et al., 2008). The weighted mean 
of all 940 scheelite results is 0.5123228 ± 38 (N = 6, MSDW: 1.14). The weighted mean of all 014 scheelite results is 0.512526 ± 14 (N = 6, MSWD 9.1). Internal 2SE 
reported.  
A 
Sample Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 2SE 145Nd/144Nd 2SE εNd 
940A 13 78 0.1035  0.512323  0.000007  0.348406  0.000004 − 5.99 
940B 21 124 0.1033  0.512318  0.000008  0.348400  0.000004 − 6.10 
940C 18 98 0.1097  0.512339  0.000037  0.348432  0.000033 − 5.68 
940C-2 18 98 0.1097  0.512335  0.000016  0.348398  0.000008 − 5.75 
940D 19 109 0.1028  0.512321  0.000009  0.348401  0.000005 − 6.03 
940D-2 19 109 0.1028  0.512326  0.000009  0.348400  0.000006 − 5.94 
JNd1-1 – – –  0.512104  0.000003  0.348405  0.000002 – 
JNd1-2 – – –  0.512110  0.000004  0.348404  0.000002 – 
JNd1-3 – – –  0.512099  0.000004  0.348408  0.000003 – 
JNd1-4 – – –  0.512123  0.000008  0.348416  0.000009 –   
B 
Sample Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 2SE 145Nd/144Nd 2SE εNd 
014A 113 347 0.1969  0.512487  0.000100  0.348489  0.000061 − 2.80 
014B 154 617 0.1514  0.512504  0.000012  0.348405  0.000008 − 2.45 
014B-2 154 617 0.1513  0.512514  0.000009  0.348415  0.000006 − 2.26 
014C 151 555 0.1643  0.512517  0.000008  0.348405  0.000005 − 2.21 
014D 41 165 0.1489  0.512532  0.000011  0.348400  0.000007 − 1.91 
014D-2 41 165 0.1489  0.512538  0.000005  0.348401  0.000003 − 1.80 
JNdi-1 – – –  0.512104  0.000006  0.348405  0.000004 – 
JNdi-2 – – –  0.512110  0.000008  0.348404  0.000005 – 
JNdi-3 – – –  0.512099  0.000009  0.348408  0.000005 – 
JNdi-4 – – –  0.512123  0.000016  0.348416  0.000017 –  
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4.4. Sm-Nd isotopes by LASS-ICPMS 
The in-situ analyses of BTY6Aa (vein) and BTY6Ab (disseminated) 
show considerable variation in the isotopic composition within and 
between the two textural types. The vein scheelite analyses have 
147Sm/144Nd between 0.131 and 0.180, which is a 27% range, and εNd 
from − 9.2 to − 5.9 epsilon units (Table 4). The disseminated scheelite 
analyses have lower 147Sm/144Nd, with a narrower range between 0.098 
and 0.115, i.e. a 15% range, and εNd from − 9.9 to − 8.8 (Table 4). 
The Barrytown scheelite Sm-Nd isotope data enable isochrons to be 
calculated (Fig. 4). This was done using Isoplot v4.15 (Ludwig, 2011) 
and the compositions listed in Table 4 with calculations of ages and 
associated initial Nd (Y intercepts) compositions for different combi-
nations of analyses listed in Table 5. Due to excess scatter in the model-1 
ages (MSWDs between 2 and 3, see Table 5), we opted to calculate the 
dates and initial 143Nd/144Nd compositions using the robust regression 
method since it makes no assumptions about the data-point scatter. If 
the results of the vein and disseminated scheelite from BTY6A are 
considered separately, the vein scheelite gives a date of 420 + 110/ 
− 180 Ma but the disseminated scheelite gives a date of 39 + 430/ 
− 1300 Ma (Table 5). These imprecise ages are largely a result of the 
small range of Sm/Nd ratios of scheelite due to the restricted textural 
range and the resulting magnified effects of the heterogeneity in initial 
Nd isotope ratios being sampled. However, regressing all data for sample 
BTY6A yields a linear array with a resulting date of 307 + 76/− 66 Ma 
(Fig. 4A). This age is displaced from but overlaps with the U-Pb zircon 
pluton crystallisation age of 368.3 ± 0.6 Ma (Tulloch et al., 2009). The 
initial 143Nd/144Nd of the combined dataset isochron is 0.51193 ± 7 
(εNdi (368) = − 4.4 ± 0.7), which overlaps the whole-rock composition of 
the host granite of 0.51190 ± 2 (εNdi (368 Ma) − 5.0 ± 0.2) (Tulloch et al., 
2009). 
The results of BTY8A have a range of 147Sm/144Nd values that fall 
between 0.1146 and 0.1719, i.e., a 33% range, and εNd from − 8.1 to 
− 10.6 (Fig. 4B). These analyses define a linear array on an Sm-Nd 
Fig. 3. A to E = Chondrite normalised REE patterns for BTY6A and BTY8A with the chondrite normalised REE whole-rock pattern of the Barrytown Granite 
superimposed (black line). Dashed portions of the whole-rock pattern are inferred as the published dataset was not complete (Tulloch et al., 2009). REE patterns for 
BTY8Aa and BTY8Ab were very similar so the latter was omitted from this diagram. E & F = trace element variation plots of all analyses in BTY6A and BTY8A with 
legend below. The small green circle in diagram E is the whole-rock composition of the host rock. 2SE for both Mo and Sr in diagram F are equal to size of points. CT 
= cathodoluminescence texture, CL = cathodoluminescence. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 




Sr, Mo, and REE concentrations in ppm for all LASS-ICPMS trace element analyses of scheelite from the Barrytown Granite pluton. REE: average internal 2SE = 2% and LODs less than 0.12%. Sr: average internal 2SE 1.4%, 
LODs 0.4%. Mo: average 2SE 2.8%, LODs 0.4%. T = rock textural type, CT = cathodoluminescence textural type (discussed in text), B = blue CL, R = red/orange CL, V = vein, D = disseminated, C = core, R = rim, EuA =
europium anomaly calculated by: Eun/[Smn × Gdn]0.5 with normalised values calculated from CI chondrite of McDonough and Sun (1995). The mass spectrometer failed to collect trace element data for BTY6Aa-12. 
Average concentrations shown in italics for analyses above.  







BTY6Aa - 2 V-C H 261 2.2 177 451 54 205 50 16 55 13 102 25 86 13 81 11 1337 0.45 0.61 0.92 
BTY6Aa - 5 V-C H 97 2.8 214 608 78 302 69 14 65 13 95 22 72 11 68 9 1639 0.51 0.87 0.66 
BTY6Aa - 8 V-C H 119 2.6 229 611 75 283 69 17 79 18 146 36 121 18 114 16 1832 0.48 0.63 0.71 
BTY6Aa - 11 V-C H 96 3.0 205 525 64 250 63 18 73 17 134 32 110 17 115 16 1639 0.49 0.58 0.79 
BTY6Aa - 12 V-C H – – – – – – – – – – – – – – – – – – – – 
BTY6Aa - 1 V-R S 202 1.8 40 191 39 231 68 12 66 9 52 9 20 2 10 1 750 2.69 7.89 0.55 
BTY6Aa - 4 V-R S 217 2.2 26 121 23 124 40 9 47 7 44 8 20 2 10 1 483 2.51 5.42 0.60 
BTY6Aa - 6 V-R S 194 2.6 227 678 104 538 118 7 86 10 47 8 19 2 12 2 1857 0.83 6.95 0.22 
BTY6Aa - 7 V-R S 140 2.5 185 761 134 702 190 17 142 18 93 17 41 5 32 4 2341 1.65 4.35 0.31 
BTY6Aa - 9 V-R H 178 2.6 198 537 70 301 72 13 71 13 92 21 67 10 66 9 1540 0.58 0.94 0.57 
BTY6Aa - 3 D/V-R S 101 2.8 138 689 141 850 255 16 200 24 119 20 47 5 28 3 2535 2.96 7.69 0.22 
BTY6Aa - 10 D/V-R S 97 2.9 142 708 144 879 255 15 197 24 117 20 46 5 27 3 2583 2.87 7.93 0.21 
Average   155 2.5 162 534 84 424 113 14 98 15 95 20 59 8 51 7 1685 1.46 3.99 0.52 
BTY6Ab - 1 D S 175 3.1 293 554 59 224 42 15 28 4 20 4 11 2 18 3 1276 0.23 1.09 1.31 
BTY6Ab - 2 D S 211 2.6 417 1023 126 512 90 14 57 7 34 6 15 2 11 1 2315 0.35 5.01 0.58 
BTY6Ab - 3 D S 186 3.0 275 484 48 164 28 13 18 2 13 2 7 1 9 1 1066 0.16 1.53 1.76 
BTY6Ab - 4 D S 201 2.8 254 557 67 282 53 10 35 4 21 4 9 1 7 1 1306 0.33 4.26 0.74 
BTY6Ab - 5 D S 205 2.9 233 404 40 130 22 10 13 2 9 2 4 1 5 1 874 0.15 1.94 1.75 
BTY6Ab - 6 D S 184 2.8 236 410 42 147 27 13 18 3 14 3 8 2 16 3 942 0.18 0.76 1.80 
BTY6Ab - 7 D S 215 2.8 462 1332 182 800 148 14 96 11 53 9 20 2 12 1 3142 0.51 8.00 0.36 
Average   197 2.9 310 681 81 323 58 13 38 5 23 4 11 2 11 2 1560 0.27 3.23 1.18 
BTY8Aa - 1 V H-R 87 6.1 162 331 39 154 35 16 32 6 35 7 20 3 21 3 863 0.35 1.33 1.45 
BTY8Aa - 2 V H-R 91 4.2 184 406 49 203 43 16 38 7 46 10 29 4 28 4 1066 0.37 1.22 1.24 
BTY8Aa - 3 V H-B 68 5.0 121 153 12 36 9 16 8 1 9 2 6 1 14 2 392 0.12 0.41 5.97 
BTY8Aa - 4 V H-R 98 4.4 172 547 84 432 103 13 101 17 107 22 60 7 41 5 1712 0.96 2.44 0.38 
BTY8Aa - 5 V H-B 63 5.5 136 273 32 130 30 15 28 5 33 7 21 3 23 3 740 0.35 1.00 1.61 
BTY8Aa - 6 V H-B 83 4.4 135 241 25 84 17 12 15 3 20 5 16 3 24 4 602 0.20 0.50 2.41 
Average   82 4.9 152 325 40 173 39 15 37 6 42 9 26 4 25 4 896 0.39 1.15 2.18 
BTY8Ab - 1 V H-R 102 4.6 167 365 41 151 30 15 24 4 28 6 20 3 26 4 884 0.29 0.80 1.70 
BTY8Ab - 2 V H-R 72 5.4 207 481 58 231 49 14 43 7 46 10 27 4 25 3 1203 0.38 1.70 0.90 
BTY8Ab - 3 V H-R 79 4.2 220 618 88 410 99 17 99 17 109 22 60 8 45 6 1815 0.72 2.12 0.53 
BTY8Ab - 4 V H-R 83 4.2 195 524 71 306 60 10 47 7 46 10 27 4 21 3 1329 0.49 2.14 0.56 
BTY8Ab - 5 V H-R 97 4.4 221 614 83 360 75 13 63 10 66 14 40 5 33 4 1602 0.54 1.86 0.57 
BTY8Ab - 6 V H-R 73 4.1 235 603 80 350 75 16 67 12 79 17 51 7 45 6 1645 0.51 1.38 0.69 
Average   84 4.5 207 534 70 301 65 14 57 10 62 13 37 5 32 4 1413 0.49 1.67 0.83 
BTY8Ac - 1 V H-R 190 4.2 72 207 31 156 47 7 51 9 54 11 29 4 20 2 699 1.04 2.52 0.45 
BTY8Ac - 2 V H-R 69 4.3 175 596 99 549 142 18 131 19 113 22 58 7 46 6 1982 1.30 2.70 0.41 
BTY8Ac - 3 V H-R 65 5.4 190 508 73 356 87 13 76 11 66 13 34 4 28 4 1464 0.73 2.47 0.50 
BTY8Ac - 4 V H-R 165 4.2 189 582 90 459 123 16 127 21 134 27 72 9 51 6 1907 1.04 2.49 0.40 
BTY8Ac - 5 V H-B 157 5.3 82 123 10 32 8 8 8 1 8 1 5 1 8 1 297 0.16 0.72 3.15 
BTY8Ac - 6 V H-R 71 4.4 193 470 59 244 49 12 40 7 45 10 30 5 30 4 1198 0.40 1.23 0.85 
Average   119 4.6 150 414 60 299 76 13 72 11 70 14 38 5 30 4 1258 0.78 2.02 0.96  
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isochron diagram with a resulting robust regression isochron date of 
281 + 190/− 140 Ma and an initial 143Nd/144Nd of 0.51190 ± 13 (εNdi 
(368 Ma) = − 5.0 ± 1.3). This date is again displaced from but within 
uncertainty of the Barrytown Granite U-Pb zircon date and overlaps the 
date for the BTY6A isochron. The initial 143Nd/144Nd of the isochron 
overlaps the 143Nd/144Ndi (368 Ma) of the host granite, with age adjusted 
compositions between 0.51190 ± 2 and 0.51185 ± 1 (εNdi (368 Ma) − 5.0 
± 0.2 and − 6.1 ± 0.1 respectively) (Tulloch et al., 2009). 
The results of analyses on the Young-Davidson scheelite grain have a 
range of 147Sm/144Nd values that fall between 0.30674 and 0.40295 i.e., 
a 24% range, and εNd from +35.6 to +67.9 (Table 6). After one con-
spicuous outlier is removed from the dataset, the analyses define a linear 
array on an isochron plot giving a corresponding robust regression age 
of 2609 + 160/− 200 Ma and initial 143Nd/144Nd of 0.50919 ± 0.00074 
(Fig. 5). If the outlier is included, the calculated robust regression 
isochron age becomes 2456 + 170/− 400 Ma and initial 143Nd/144Nd of 
0.50955 ± 0.00076. If all data points with internal 2SE greater than 0.8 
epsilon units are included (Fig. 5), the calculated robust regression age 
becomes 2458 + 150/− 410 Ma with an initial 143Nd/144Nd 0.50953 ±
0.00073 but if two conspicuous outliers are removed, the date becomes 
2595 + 47/− 130 with an initial 143Nd/144Nd 0.50921 ± 0.00015. All 
these ages overlap with the period of 2.4–2.6 Ga that scheelite 
mineralisation is constrained to (Ayer et al., 2002; Heaman, 1997; 
Zhang et al., 2014). 
5. Discussion 
5.1. Constraints on Sm-Nd isotope characterisation 
Overall, the reproducibility of the apatite and titanite reference 
material data described above indicate that the method is accurate to at 
least 0.5 epsilon unit precision for Nd isotopes when applied to crystals 
that are homogenous at that level of precision. Using titanite (TH-tnt-1) 
as the primary isotope calibration standard, the LASS-ICPMS results for 
the 940 and 014 scheelite are mostly statistically indistinguishable from 
the TIMS analyses which indicates that any potential matrix-related 
ablation differences between scheelite and titanite are not the primary 
source of uncertainty. Instead, instrument tuning, interference correc-
tions and counting statistics due to low Nd concentrations in the un-
knowns, together with the reproducibility of the SRMs are likely the 
primary sources of uncertainty. TIMS results for 940 scheelite are ho-
mogenous in Nd isotope compositions and this is supported by the sta-
tistically indistinguishable LASS-ICPMS analyses of crystal fragments 
analysed in SSM2. These anomalous fragments must represent localised 
Table 4 
Summary of all Sm-Nd isotope LASS-ICPMS analyses of scheelite grains in BTY6A and BTY8A. *1 trace element concentrations taken from trace element LASS-ICPMS 
results – see Table 2. *2Age corrected values calculated using formula: 143/144Ndi = 143/144Ndm − 147Sm/144Nd(eλt − 1) where λ = 6.54 × 10− 12 y− 1 (White, 2015), t =
368 Ma. *3 Calculated using CHUR 143/144Nd(0) = 0.512630 and 147Sm/144Nd(0) = 0.1960 (Bouvier et al., 2008). Host rock data (in italics) taken from Tulloch et al. 
(2009) supplementary data. *4 Data points, in the bottom set of rows, were rejected from the isochrons due to 145Nd/144Nd ratios outside of the range of 0.348415 ±
0.000051. PC = pluton core, PR = pluton rim. Internal 2SE reported.  
Analysis ID T CT Sm (ppm)*1 Nd (ppm)*1 Sm/Nd*1 147Sm/144Nd 2SE × 10− 4 143/144Nd 2SE × 10− 4 143/144Ndt (368)*2 εNdt (368)*3 
BTY6Aa - 2 V-C H 50 205 0.2418  0.1437 18  0.512245  0.41  0.511899  − 5.1 
BTY6Aa - 5 V-C H 69 302 0.2265  0.1343 9  0.512198  0.25  0.511874  − 5.5 
BTY6Aa - 8 V-C H 69 283 0.2438  0.1496 12  0.512240  0.29  0.511880  − 5.4 
BTY6Aa - 11 V-C H 63 250 0.2511  0.1523 4  0.512242  0.32  0.511875  − 5.5 
BTY6Aa - 12 V-C H – – –  0.1560 8  0.512227  0.34  0.511851  − 7.9 
BTY6Aa - 1 V-R S 68 231 0.2935  0.1799 32  0.512329  0.36  0.511896  − 5.1 
BTY6Aa - 6 V-R S 118 538 0.2191  0.1313 5  0.512157  0.15  0.511841  − 6.2 
BTY6Aa - 7 V-R S 190 702 0.2709  0.1600 1  0.512256  0.17  0.511870  − 5.6 
BTY6Aa - 9 V-R H 72 301 0.2396  0.1446 9  0.512180  0.39  0.511832  − 6.4 
BTY6Aa - 3 D/V-R S 255 850 0.2997  0.1776 2  0.512292  0.18  0.511864  − 5.7 
BTY6Aa - 10 D/V-R S 255 879 0.2900  0.1744 4  0.512276  0.14  0.511856  − 5.9 
BTY6Ab - 1 D S 42 224 0.1854  0.1133 1  0.512162  0.28  0.511889  − 5.2 
BTY6Ab - 2 D S 90 512 0.1762  0.1072 3  0.512130  0.20  0.511872  − 5.6 
BTY6Ab - 3 D S 28 164 0.1706  0.1031 1  0.512149  0.35  0.511901  − 5.0 
BTY6Ab - 4 D S 53 282 0.1876  0.1142 1  0.512144  0.24  0.511869  − 5.6 
BTY6Ab - 5 D S 22 130 0.1661  0.0985 0  0.512140  0.42  0.511903  − 5.0 
BTY6Ab - 6 D S 27 147 0.1849  0.1112 2  0.512179  0.35  0.511911  − 4.8 
BTY6Ab - 7 D S 148 800 0.1848  0.1123 4  0.512125  0.17  0.511854  − 5.9 
BTY8Aa - 1 V H-R 35 154 0.2298  0.1428 25  0.512194  0.51  0.511850  − 6.0 
BTY8Aa - 4 V H-R 103 432 0.2392  0.1465 1  0.512214  0.28  0.511861  − 5.8 
BTY8Aa - 5 V H-B 30 130 0.2298  0.1434 15  0.512173  0.62  0.511827  − 6.4 
BTY8Aa - 6 V H-B 17 84 0.2010  0.1183 5  0.512111  0.57  0.511826  − 6.5 
BTY8Ab - 1 V H-R 30 151 0.1985  0.1146 22  0.512107  0.52  0.511831  − 6.4 
BTY8Ab - 2 V H-R 49 231 0.2114  0.1293 9  0.512131  0.62  0.511819  − 6.6 
BTY8Ab - 4 V H-R 60 306 0.1962  0.1193 7  0.512086  0.43  0.511798  − 7.0 
BTY8Ab - 5 V H-R 75 360 0.2087  0.1228 10  0.512104  0.58  0.511808  − 6.8 
BTY8Ab - 6 V H-R 75 350 0.2138  0.1298 2  0.512185  0.32  0.511872  − 5.6 
BTY8Ac - 1 V H-R 47 156 0.2975  0.1719 36  0.512200  0.77  0.511786  − 7.3 
BTY8Ac - 3 V H-R 87 356 0.2433  0.1458 6  0.512143  0.64  0.511792  − 7.1 
BTY8Ac - 4 V H-R 123 459 0.2675  0.1617 13  0.512181  0.33  0.511791  − 7.2 
BTY8Ac - 6 V H-R 49 244 0.1996  0.1208 4  0.512162  0.32  0.511871  − 5.6 
GR1 (P45613) PR  8.2 41.9 0.1957  0.1185 –  0.512185  0.20  0.511899  − 5.0 
GR2 (UC6762) PC  10.4 50.4 0.2063  0.1246 –  0.512147  0.05  0.511847  − 6.1 
GG gwy (P40732) –  6.2 32.1 0.1931  0.1168 –  0.511892  0.20  0.511611  − 10.7 
GG arg (P39122) –  6.7 34.0 0.1971  0.1185 –  0.512027  0.20  0.511741  − 8.1  
Rejected data 
BTY6Aa – 4*4 – S 40 124 0.3250  0.2034 98  0.512441  0.55  0.511951  − 4.0 
BTY8Aa – 2*4 – H-R 43 203 0.2107  0.1296 12  0.512162  0.50  0.511850  − 6.0 
BTY8Aa – 3*4 – H-B 9 36 0.2428  0.1371 46  0.51211  1.20  0.511780  − 7.4 
BTY8Ab – 3*4 – H-R 99 410 0.2407  0.1467 5  0.512179  0.50  0.511826  − 6.5 
BTY8Ac – 2*4 – H-R 142 549 0.2587  0.1561 8  0.512116  0.68  0.511740  − 8.2 
BTY8Ac – 5*4 – H-B 8 32 0.2663  0.1613 28  0.5122  1.50  0.511811  − 6.8  
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and relatively small volumes of the original crystal – possibly scheelite 
intergrowths at the base of the main crystal, as they were not detected by 
the TIMS results. 
We measured the trace element compositions of scheelite with a 
focus on high-Nd portions of the crystals to enhance the sensitivity of Nd 
isotope measurements, as well as measuring a wide range of Sm/Nd to 
maximise the spread on an isochron diagram. For concentrations less 
than 200 ppm Nd, the 2SE internal measurement precision of isotopic 
analyses is greater than 0.4 epsilon units and were therefore avoided 
because of the restricted range in isotope ratios (Fig. 6). The best 
achievable internal measurement precision using our LASS protocol was 
0.14 to 0.18 epsilon units for samples with over 500 ppm Nd. The Nd 
concentrations in Barrytown scheelite were generally between 200 and 
600 ppm with most concentrations between 300 and 400 ppm (Tables 3, 
4). We found the current practical lower limit to acquiring Nd data to be 
Fig. 4. Robust regression isochron plots (constructed using Isoplot version 4.15) of A) BTY6A and B) BTY8A showing the calculated ages and initial 143/144Nd values. 
Red ellipses are disseminated scheelite and blue ellipse are vein scheelite. All internal uncertainties shown at the 95% (2σ) level. See Table 5 for Model 1 ages and 
associated MSWD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Table 5 
Calculated robust regression (RR) isochron ages, initial epsilon Nd (εNdi) values 
and model 1 (M1) ages for analyses in the Barrytown samples using Isoplot 
version 4.15 (Ludwig, 2011). Isochrons for thin sections BTY8Aa and BTY8Ac 
are not shown as they have fewer than 5 analyses each. εNdi calculated for 368 
Ma using CHUR 143Nd/144Nd(0) = 0.512630 and 147Sm/144Nd(0) = 0.1960 
(Bouvier et al., 2008).  
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Table 6 
Summary of all Sm-Nd isotope LASS-ICPMS analyses on the epoxy mounted 
scheelite grain M1088 from the Young-Davidson Gold Mine. Internal 2SE re-
ported. *visual outlier, *2analyses rejected from isochron due to internal 2SE 
greater than 0.8 epsilon units (0.8 × 10− 4), *3analyses rejected due to 
145Nd/144Nd outside of the accepted range (0.348365–0.348465).  
Analysis ID 147Sm/144Nd 2SE × 104 Nd143_144 2SE × 104 
6  0.307760  15  0.514484  0.35 
8  0.356060  18  0.515366  0.34 
9  0.396020  20  0.516003  0.32 
11  0.388830  19  0.515887  0.31 
12  0.402950  20  0.516111  0.40 
14  0.379080  19  0.515643  0.28 
16  0.306740  15  0.514454  0.35 
10*  0.107230  5  0.512087  0.77  
Rejected data 
7*2  0.324600  16  0.514770  1.20 
13*2  0.387860  19  0.515880  2.00 
4*2  0.234000  12  0.513230  2.50 
15*2  0.625630  31  0.512070  1.70 
1*3  0.346160  17  0.514923  0.63 
2*3  0.394727  20  0.515740  0.51 
3*3  0.401590  20  0.515735  0.43 
5*3  0.091670  5  0.512012  0.88  
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~100 ppm, to obtain data with ~1 epsilon unit precision. Therefore, to 
ensure the best results, we recommend characterising the scheelite trace 
element concentrations prior to measurement of Sm-Nd isotopes. 
Previous workers have found significant variation in REE patterns in 
scheelite at the ~50-μm scale, but the optimal precision in our instru-
mental protocol for Nd isotopic results were obtained with a spot 
diameter of 193 μm, which limits the spatial resolution of trace element 
measurements. Even so, significant variations in the REE patterns and 
Sm/Nd ratios were observed. An examination of the isotopic results 
indicates that the measured isotopic variability reflects the time- 
integrated decay of the parent 147Sm isotope, with superimposed scat-
ter resulting from initial isotopic variability. In other words, the vari-
ability in Sm/Nd ratios and, by inference, the REE patterns, likely 
formed during a single event of mineralisation. This is consistent with 
the REE patterns in the Barrytown data resulting from fractionation 
between the mineralising fluid and scheelite crystallising in a closed 
system, which is a common feature of scheelite (Brugger et al., 2000a; 
Brugger et al., 2000b; Brugger et al., 2002). In fact, the full range of 
these patterns were measured within a single grain in BTY8Aa (Figs. 2E, 
3C). However, due to the relatively young age of the Barrytown deposit 
and the analytical uncertainties, we were unable to produce an isochron 
when only single grains or single thin sections were considered. Instead, 
we found that incorporating a variety of grain textures to encompass a 
wider range in parent-daughter ratios provides significantly improved 
isochron ages and this approach is supported by the analytically indis-
tinguishable initial Nd isotope ratios of the combined regression inter-
cept and the host granite. This means that the spread in Sm-Nd due only 
to fractional crystallisation recorded in a single heterogeneous grain was 
not of sufficient magnitude for single-grain geochronology. On the other 
hand, much older samples may show sufficient variation in the Sm/Nd 
ratio, and have experienced enough time-integrated accumulated of 
daughter isotope, to enable single grains to yield isochron ages, in the 
manner described for other systems (e.g., Coggon et al., 2012). 
The tilted REE patterns (Lan/Lun >1, Fig. 3A-D) in BTY6Ab and 
anomalous multiple flattened “m” shaped patterns in the vein core of 
BTY6Aa are an indication that fractional crystallisation is not the only 
factor that has influenced REE variations. Partitioning of REE between 
scheelite and co-precipitating minerals has been considered for other 
deposits (Hazarika et al., 2016; Raimbault et al., 1993) and in the Bar-
rytown deposit scheelite occurs with tourmaline – the only major po-
tential REE host. However, reconnaissance laser ablation ICPMS found 
the REE content of several grains to be 2 orders of magnitude less than 
scheelite and therefore could not have had a significant influence on 
scheelite REE patterns. To produce the tilted patterns in scheelite with a 
crystallographic preference for middle REE, the initial REE composition 
of the fluid would have to be significantly fractionated, i.e., light REE- 
enriched. The particularly high La/Lu ratios in BTY6Ab may be a 
result of high rock-fluid ratios resulting in preferential leaching of the 
Fig. 5. Isochron plot of all LA-ICPMS analyses on a single 
scheelite crystal from the Young-Davidson Gold Mine. The 
single outlier (red ellipse) is excluded from the isochron 
age calculation. Robust regression age calculation shown 
on plot. Model 1 age calculation is 2596 ± 150 Ma, with 
initial 143Nd/144Nd = 0.50921 + 0.00037, n = 7, MSDW 
= 3.0. Inset isochron plot includes analyses with internal 
2SE greater than 0.8 epsilon units and the corresponding 
robust regression age (excluding the two outliers) is 2595 
+ 47/− 130 with initial 143Nd/144Nd = 0.50921 ±
0.00015. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web 
version of this article.)   
Fig. 6. Relationship between internal precision of 143Nd/144Nd measurement (2SE = 2 standard error) and Nd concentration for analyses within samples BTY6A and 
BTY8A using the experimental/instrumental parameters discussed in the Methods section of the text. Areas of scheelite with Nd less than 100 ppm were avoided 
during this study. 
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less compatible light REE from the host rock minerals. The origin of the 
m-shaped patterns is not clear, but they have likely arisen during the 
growth of a single crystal as they occur within the same grain as the n- 
shaped patterns and have homogenous initial Nd isotope compositions 
(Figs. 2C, 3A). 
5.2. The potential for Sm-Nd dating of scheelite mineralisation 
The in-situ Sm-Nd isotopic data measured by LASS-ICPMS for Bar-
rytown scheelite generate two positive isochron trends that are within 
uncertainty of geologically reasonable ages for scheelite mineralisation 
in the Barrytown Granite. However, both isochrons likely represent ar-
rays characterised by significant geological uncertainties. A positive 
linear trend on an isochron diagram can represent either a true isochron 
where the variation in the 143Nd/144Nd is purely due to the radioactive 
decay of 147Sm to 143Nd, or the array could be generated by mixing 
between two isotopically distinct endmembers. The excess scatter in 
isochrons for both BTY6A and BTY8A, evident from the high MSWDs in 
model 1 calculations, suggests likely heterogeneity in the initial 
143Nd/144Nd values. To investigate this further, the measured scheelite 
Nd isotope compositions were adjusted to the crystallisation age of the 
pluton at 368 Ma and plotted on a mixing diagram (Fig. 7). In the case of 
BTY6A, all analyses overlap the Barrytown Granite whole-rock compo-
sitions and there is a positive linear correlation with 1/Nd. The corre-
lation was subjected to a Student’s t-test with the null hypothesis that 
the 143Nd/144Nd composition is correlated by chance. The resulting t 
value is greater than the critical value at a 99% confidence level, so we 
can reject the null hypothesis that the observed correlation is due to 
chance. One possible reason for this mixing relationship could be that 
mineralising fluids incorporated isotopic heterogeneity within the 
granite pluton where the total variation in the age-corrected Nd isotope 
composition of the scheelite spans the two isotopically distinct whole- 
rock compositions of the Barrytown Granite. Based on the Nd concen-
trations of the granite samples, a positive relationship would be ex-
pected. However, the difference between the two whole-rock 
compositions is approximately 0.5 epsilon units, equivalent to the 
analytical uncertainty of the scheelite analyses (internal 2SE between 
0.3 and 0.6); therefore better measurement precision would be required 
to fully establish this relationship. This in-turn would require higher Nd 
concentrations to increase precision. In BTY8Aa, the analyses plot be-
tween the Barrytown Granite and Greenland Group whole-rock com-
positions but have a flat trend. As this sample comes from the rim of the 
granite pluton, the results may be recording broad scale (10–100 m) 
mixing of Nd isotope compositions between the granite and metasedi-
ments but the resulting “mixture” is effectively homogenous at hand 
specimen scales. Despite the excess scatter, the Barrytown results should 
represent true isochrons because the trend of the mixing plots are mostly 
flat (Fig. 7). This is supported by the overlap of the initial Nd isotope 
ratios of the isochrons with the host rock compositions. 
Although the large uncertainties on the isochrons mean that only 
“ballpark” constraints can be placed on the timing of Barrytown 
scheelite mineralisation, these calculated ages remain very useful. 
Within the region, two major events of magmatism and metamorphism 
may have resulted in fluid flow and tungsten mineralisation; the first is 
amphibolite-facies metamorphism at 370–340 Ma (Scott et al., 2011) 
and the intrusion of the Karamea Suite Granitoids, including the Bar-
rytown Granite (Tulloch et al., 2009). The second is amphibolite-facies 
metamorphism, and synchronous intrusion of Cretaceous granitoids 
during the Early Cretaceous at approximately 115–110 Ma (Ritche et al., 
2015; Tulloch and Kimbrough, 1989). Scheelite mineralisation is 
spatially associated to the granite pluton and textural evidence suggests 
that mineralisation occurred during a single event as the veins have a 
consistent orientation, the scheelite microtextures do not obviously 
show more than one event of crystal growth, and variations in the REE 
and CL textures occur within single grains (e.g. Figs. 2A, 2C, 3A). 
Therefore, the ages of the two scheelite isochrons indicate that the 
mineralisation is Late Devonian in age. This interpretation is supported 
by initial Nd isotope ratios of the isochrons that overlap with those of the 
Barrytown Granite when age corrected to 368 Ma (the U-Pb zircon date 
of the Barrytown Granite). 
Based on the above results, using our approach we can place only 
broad, relatively imprecise constraints on the timing of scheelite min-
eralisation in young scheelite deposits using multiple grains – with age 
precisions achieved here of ~20–80%. Older samples may produce a 
larger resolvable variation in the 143Nd/144Nd and so an isochron for a 
single grain may be possible in those circumstances. This was confirmed 
with the analyses on the scheelite crystal from the Young-Davison Gold 
Mine, which gave an isochron date of 2609 + 160/− 200 Ma, i.e., an age 
precision of ~8%, and initial 143Nd/144Nd of 0.50986 ± 0.00061 
(Fig. 5). Though still relatively imprecise, this age is consistent with field 
observations that show the scheelite-bearing veins are younger than the 
emplacement ages of the host rocks at >2600 Ma (Ayer et al., 2002) and 
older than the Matachewan dyke swarm at 2473 + 16/− 9 Ma (Heaman, 
1997; Zhang et al., 2014). 
In-situ Sm-Nd scheelite analysis can therefore provide broad age 
constraints on mineralisation when applied to young (Palaeozoic) and 
old (Archean) deposits. This analytical method would therefore make a 
useful rapid reconnaissance exploration tool for providing an initial 
indication of when scheelite mineralisation occurred. The method also 
enables characterisation of the initial Nd isotope composition of the 
mineralising fluids which provides valuable clues to their source inputs. 
Furthermore, the technique would be useful for detrital scheelite 
because the isotope composition and/or age of those grains could be 
Fig. 7. Plot of 143Nd/144Ndi (368 Ma) vs 1/[Nd] showing a potential positive 
linear relationship in BTY6A (A) but not in BTY8A (B). Blue points are vein 
scheelite, red points are disseminated scheelite Host rock isotopic compositions, 
taken from Tulloch et al. (2009) are indicated with coloured lines – Barrytown 
granite is yellow (Gr1 + Gr2) and Greenland Group is green. Associated 2SE is 
indicated by the faded band either side of lines. GG arg = Greenland Group 
argillite, GG gwy = Greenland Group greywacke. Subjecting BTY6A to a two- 
tailed Student’s t-test gave a t value greater than the critical value at the 
99% confidence level, therefore the correlation observed is likely not due to 
chance. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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linked to potential source areas. With future developments in analytical 
resolution coupled with appropriate sample characterisation, the 
method could enable determination of different pulses of fluids and ages 
of mineralisation in deposits with multiple mineralisation events. 
6. Conclusions 
Simultaneous LASS-ICPMS in-situ acquisition of trace element and 
Sm-Nd isotopes from scheelite can be used to characterise the pathways 
of mineralising fluids and generate broad constraints on the age of 
mineralisation. The measurements conducted here have detected iso-
topic and trace element variations at the deposit- to grain-scale and, by 
utilising such variations, isochron plots were constructed with data 
points that have a strong textural control. Increased sampling resolution 
and strong textural control means that the baseline assumptions (ho-
mogenous initial Nd, no post-crystallisation alteration) for Sm-Nd dating 
can be better accounted for because analyses can target specific growth 
zones or areas of recrystallisation within grains and avoid fractures or 
inclusions that may skew the true composition. This approach makes it 
possible to (1) rapidly generate a reconnaissance age for mineral de-
posits in which there are no other suitable minerals, (2) potentially date 
multiple stages of well-characterised scheelite growth, and (3) deter-
mine the age and isotopic composition of detrital scheelite to help 
establish the source provenance. 
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